
AD/A-006 728

ELECTRICAL DISCHA!rGES IN WATER.
A HYDRODYNAMIC DESCRIPTION

K. A. Naugolnykh, et al

Foreign Technology Division
Wright-Patterson Air Force Base, Ohio

23 December 1974

DISTRIBUTED BY:

Na Technical lntmt e n Seite
U. S. DEPARTMEHT OF CO[ERCE

,-, 0, 6 vAq i l l 81,;O 000



kOCUNT CONTROL DATA.- I &S
gJe~W It ~81fteJ Sit of to. &MV so ab60~t oine&,e" 8016 8060d 00 alos "m Ift 098" f es

oreirn Technolory Division I- f i
Ir !'orce Systems Comnand
,S. Air Porej

* LECTRICAL DISCHARGES IN4 WATER. A HYDRODYNAM4IC DESCRIPTION

S."we &SWI.v ofYg IV~ sod bBies"0 .jfo

rhsl ion
for#,."0. a". m otll we"$ 4*0 M~I momt

IK. A. Naurol'nykh, N. A. Roy

0460 IM, TOT~ fe Of pages se *U 414wIP

1071 11

S. 0'S 6tY meH C .'3-20 49-7'4

Anvnroved for public release;
distribution unlimited.

ForeI~n TNchnolosry DivisionIWrIgnht-Patterson A.13 Ohio

09020

best Available Copy
NATIONAL TECHNICAL
"MIORMATION SRY~a

0 -O -... of Coe..

DD.Add 41.14115



FTD-HC -23-?flhIO-7I

EDITED T IAMISLATION

FTD-HC- 2 3-20-49-7T1  23 December 1974

EL.C.. ICAL , ISCHAWZ 1 I-.,ATE... A IHYDRODVYIArIIC
DESCRIPTICAN

By: K. A. N'aupo'znykh, N. A. Roy

Enzlish pn!res: 205

Source: Elektrichesl:iye Týazryady v Vode (Gidrod-
inamichezko-:e O)pisaniyc) 1971, pp. 1-155

Country of Ori-in: :;;3SRTy-nns ,! tc0d undpr : 7-")657-7?-P-,1P5?
Pe q j u e : :t -r• : A r ' .' / •

Aoprove(c for nutlic release;di:.-tribuW. on unlirmited.

THIS TRANSLATION IS A RENDITION OF THE ORIGI.
NAL FOREIGN TEXT WITHOUT ANY ANALYTICAL OR
EDITORIAL COM'.ENT. STATEMrNTS OR THEORIES PREPARED BYs
ADVOCATEDOPIMPLICDARETHO!EOFTHE SOURCE
AND DO NOT NfrCESSARILY REFLECT THE POSITION TRANSLATION DIVISION
OR OPINION OF THE FOREIGN TECHNOLOGY DI. FOREIGN TECHNOLOGY DIVISION
VISION. ,P.AF,. OHIO.

Best Available Copy



U. S. BOARD ON GEOGRAPHIC NAMES TRANSLITERATIIN SYSTEM

Block Itallc Transliteration Block Italic Transliteration
A a A a A, a P p P p R, r

B 55 B, b C c C C S, 3
Be 5 a V, v T T T W T, t
r r r & G, g Y y Y y U, U

A A j a D, d 0 0 * # F, r
E e E a Ye, ye; E, ef X x X x Kh, kh
W W -* - Zh, :h Q4 u L q Ts, ts
3 3 3 s Z, z 4 4 VI V Ch, ch
W W x x I, I W wu x SWh, sh
A A 0 0 Y, y 1U u& A V Shch, shch
K N a K, k bb b6

Ai ) Ai a L, 1 blii b i Y, y

NM M M, m b b I

H N * (1, n 3 a E , e
0o a 0 O, o 10 a AD a Yu, yu
n n f7 i P, p A i JF a Ya, ya

V e Initially, after vowels, and after 6, b; e elsewhere.
When written as 9 in Russian, transliterate as yý or 6.
The use of diacritical marks is preferred, but such marks
may be omitted when expediency dictates.

I I I. I * I I I l

GRAPHICS DISCLAIMER

All fi•gres, C-rphics, tables, equations, etc.
mer, ;ed into this tranz.ation were extracted
fr(-oi thv best quallty copy available.

F• D H:'- 5- " .'' !:5-; • b



/

RUSSIAN AND ENGLISH TRIGONOMETRIC FUNCTIONS

Russian English

sin sin
COS Cos

tg tan
ctg cot
sec sec

cosec csc

sh sinh

ch cosh
th tanh
cth coth

sch sech
csch csch

arc sin zin-l

arc cos cos 1

arc tg tan- 1

arc ctZ cot-!

arc sec sec-1

arc cosec csc- 1

arc sh sinh- 1

arc ch cosh- 1

arc th tanh- 1

arc cth coth- 1

arc sch sech- 1

arc csch csch-

rot curl

Ig log



TABLE OF CONTENTS

Chapter 1. In place of an Introduction 3

Section 1. An electrical discharge in a liquid--
a process with a high concentration of energy. 3

Section 2. Physical phengnena during an electrical
discharGe in water. 6

Chapter 2. Initiation of Discharges 12

Section 3. Introd, ction. 12
Section 2. Initiation of dizzharges by high voltage

breakdo:n in weakly conducting water. 13
Section 3. Initiation of dlvcharges by high voltage

breakdown In hig-.ly conductlng water. 25
Section 4. Inltlat-on of discharges by low voltage

brcakda;::n of a liquid. 32
Section 5. Initiaticn of discharges by auxiliary means. 34

Chapter 3. Properties of the Matter in the Discharge Channel 43

Section 1. Introdu ztion. 43
Section 2. Elect-'icai characteristics of a discharge. 4
Section 3. Expans;i•r. of the channel. 57
Section 4. Condit.ions of g•rk equilitrium In the

dischargu channel. 63
Section 5. Compos*!-on of the gas in a discharge channel. 69
Section 6. Kinetic coefflcients of the gas in the

discha.rge channel. 77
Section 7. Temperature of the plasma In a channel.

Energy balance equation. 88

Chapter 4. Hydrodynamic Problems of the Expansion of a
Cavity in a Liquid. 95

Section 1. Introduction. 95
Section 2. The problem of the expansion of a sphere

in the case of low rates of expansion. 98
Section 3. Expansion of a cylindrical cavity in a

liquid. 112
Section 4. Influence of compressibility on the process

of the expansion of a cavity in a liquid. 120

Chapter' 5. Theory of the Expansion of a Discharge Channel. 131

S,'ction 1. Yntroduction. 131
Section 2. Sphorical model of a discharge. 133
Scct~oA . -'hurt cylind,?r !;iode!. 142
.:- t I on 4. c:. ,j -11,,r. 149

. i:octlcn 1 rric. m'ndel of a dischirgc. VI~h rates
( :f : 1 ox;: :.ion. 153

"r, ct 1on . r'o,.r;'tc calculation of the electrical

S-. . ...., .. -.. ,.." h. J

- t .'*'*~l~- IC



Section 7. Similarity or electrical discharges in a
liquid. 165

Chapter 6. Hydrodynamic Characteristics of Discharges.
Comparison with experiments. 170

Section 1. Introduction. 170
Section 2. Discharges corresponding to a spherical

model. 178
Section 3. "Discharges corresponding to a short cylinder

model. 186
Section 4. Discharges corresponding to a long cylinder

model. 192
Section 5. Spherical neel cf a discharge with high

rates of expansion of the channel. 196
Section 6. Comparison of electrical discharges in water

with underwater explosions. 202

I



FTD-IIC-23-20
4 9-7 4

ACADEMY OF SCIENCES USSR

ACOUSTIC INSTITUTE

K. A. Naugol'nykh, N. A. Roy

Electrical Discharges in Water

(A Hydrodynamric Description)

Nauka Press

Moscow, 1971



UDC 537.528

Electrical discharges in water. K. A. Naugol'nykh. N. A. Roy,
Nauka Press, 1971, 155 PP.

This monograph is dedicated to an investigation of the hydro-

dynamic phenomena during electrical discharges in a liquid. The

book is based primarily on the studies of the authors and their

colleagues in this area. This monograph presents a qualitative

picture of the phenomena during an electrical discharge in water

in their actual sequence. Means of initiating an electrical dis-

charge in a liquid are described. The physical processes taking
place in the discharge channel and the properties of the matter

in it are examined. Experimental informaticn on the electrical

characteristics of a discharge and the rates of expansion of the
channel are presented. Theoretical models of a discharge as a
hydrodynamic phenomenon are examined and the results of calculations
are compared with experimental data.

This book is intended for scientific workers - physicists
and specialists using electrical discharges in a liquid as
sources of pressure pulses. Fifteen tables, 90 illustrations, 76

bibliographical references.

Editor in Chief

Doctor Physical-Mlathematical Sciences
Yu. P. Rayser



'p

I,

CHAPTER 1

IN PLACE OF AN INTRODUCTION

1. An Electrical Discharre in a Liquid - A Process With a
High Concentration of Energy.

The development of technology has brought to the attention of
physics the task of investi-.Ling prowcsses with great concentrations
of energy,hirh pressures. and temperatures. A pulsed electrical

discharge in a liquid is one such process. The high temperature

and pressure arise as a result of the rapid release of energy of a

condenser In the discharge channel. These qualities of pulsed
electrical dischargcs in liquids are used widely in the development
of new technolo:ical processes of machining dIfferent rraterials
and in the creation of new means of energy conversion.

In 1944 B. R. Lazarenko and N. I. Lazarenko •I] mentioned the
possibility of usi,:- pulsed electrical discharges in a liquid for ma-
chining metal. At the present time this method has obtained wide

use in many branches of industry. The electrosparking
of metals basically makes use of the ability of pulsed discharges
in a liquid to create a dense high-temperature plasma. The liquid
here primarily functions to inhibit expansion of the channel, as
a consequence of which the density of the energy released in the
channel is increased and, consequently, the temperature and pres-
sure of the plasma in the channel are raised. The physical founda-

tions of electrozparking of metal have been studied intensively
[2].

Thanks to the high temperature and pressure of the plasma in
the channcl.pulsed e]ectricn] discharges in water may serve as a
source of hith inrtnzity light 73,.

At different tir:•s many 3nvcstipntors have turned their
.... • :. ,, ,'', '" 1, r. :~'1"l t::h~'rg• in water

.*._.• • ... . .*'
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to create high pressuris. The fact that a discharge in a liquid

may have destructive force was recorded in 1767-1769 by Lane and

Priestly[ 4, 5 ) The possibility of creating cumulative jets under

the influence of the pressure arising during an electrical dis-

charge in a liquid was mentioned in 1944 by Pokrovskiy and

Stanyukovich [6]. Frungel '71 in 1948 undertook the first attempt
to measure the electromechanical efficiency of a discharge in

water. The possible applications of an electrical discharge in seismic

su.v<-''yl::-:• mentioncd in 1952 by Vogel -8] and in 1955 by Mazov

and Meyer [91'. The active popularization of the applications of

this phenomencn by Yutkin -10.I led to thc: wide application of

pulsed electrical discharges in water for performing such classic

manufacturing processes as stamping, grinding, fettling. and

so forth.

Pulsed electrical discharges in water are used as powerful

sound sources, useful in hydroacoustic and hydrogeological re-

search 111, 12].

In practice discharges with highly distinctive parameters are

used. The principal parameters - the energy of the discharge and

its duration - may vary within a very wide range. While in
the case of electrosparking of metals the discharge energy amounts

to a few joules, in manufacturing processes and in devices in which

a discharge serves as % source of pressure pulses, the energy of

one discharge reaches 103 - 105 J. The durations of the discharges
also may differ significantly. Usually, discharges are used at

close to critical conditions since these conditions provide for the
most rapid transmission of the energy of the storage device into

the discharge channel, and, as will be shown below, the greatest

electroacoustic efficiency. The duration of a discharge in this
case is determined approximately by the value 2w /L-E, where L and

C are respectively the inductance and capacitance of thr? discharlc

circuit. Discharge durations lie in the range from tenths to
hundreds of mrc-rosecondr;. The pulsed electrical ;trcn~1hs dcwvfoped

dur•-•: dL::c " .:r.*c v',.•z o,: t•, orde~r of 1.02 - kW.



Depending on the energy of a discharge and its duration, the
energy densities in the discharge channel miy also differ signifi-

cantly, in some cases reaching values of 102 - 103j/cm2 , which in
all is only one order of magnitude below the energy density in the

case of explosions of solid explosives. The pressure in the
channel is raised to several thousand atmospheres, and the tempera-
ture - to several tens of thousands of degrees. In some cases,
when the magnetic energy density is on the same order of magnitude

as the gas kinetic energy density of the particles in the channel,
the influence of magnetic pressure on the channel (the pinch effect)
may prove to be significant. In practice, primarily discharges
with moderate energy densities are used in a channel, the
expansion of the channel causing a disturbance of the density of
the surrounding liquid, small in comparison with the equilibrium

state, and the magnetic kressure is small in comparison with the
kinetic gas pressure.

The physical phenomena which appear during an elEctrical dis-
charge in a liquid had not been studied sufficiently. In particular,
the hydrodynamic characteristics of discharges, a knowledge of
which is important for practical applications, have been studied
insufficiently. The present monograph is dedicated to the investi-
gation of electrical discharges from the hydrodynamic point of
view.

In this study, basically, we examine electrical discharges in
water with moderate energy densities in the channel, since this
case is the most interesting for many applications of an electrical
discharge as a source of pressure pulses.

A quantitative picture of the phenomena during an electrical
discharge in water in their actual sequence is presented in the
next section of this chapter.

The means of initiating an electrical discharge in a liquid
u.,cd exprýrim'mtal3v Pre derrribed in (:hapter 2.

-JJ



The processes which take place in the discharge channel and
the properties of the matter in it are examined in Chapter 3.
Experimental information on the electrical characteristics of the
discharge and the rates of expansion of the channel, and also

estimates of the pressures and temperatures in the discharge channel,
are presented. The properties of the low temperature dense plasma

formed in the discharge channel are examincd and an energy balance
equation is derived. The specific form of this equation depends on
the form of the equation defining the pressure in the channel as a
function of-the radius of the channel and its derivatives. In order

to determine this relationship in different cases, hydrodynamic

problems of the expansion of a cavity in a liquid are examined in

Chapter 4.

On the basis of the results of the third and fourth chapters,
theoretical models of an eiectrical discharge in water are con-

structcd in Chapter 5.

The results of calculations are ccipared with experiments in

Chapter 6.

This monograph is based primarily on the studies of the
authors anC their colleagues: D. P. Frolov, M. I. Charushina,
A. I. Ioffe, V. Ye. Gor'dueyev, K. P. Krivosheyev,V. I. Nemchenko,

B. N. Drapezo, N. G. Kozhelupova, and R. A. Volchenkova,who took
part in the study in different stages. The authors extend them
their most sincere thanks. The authors also thank L. M. Kvasova

for her help in preparing the manuscript for printing.

2. Physical Phenomena During an Electrical Discharge in
Water.

The principlc phenomena characteristic of electrical discharges
in a liquid are described briefly in this section. First we consi-
der the so-called pre-discharge stage, during the course of which

thr, li 2 (d. ' °,, • , rl €:!C• (/21 f p•• , " r, w.-,gfr tho c ctr'odcz io:
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formed, and then consider the phenomena which take place during the

release of the energy of the condenser in the discharge channel, and

finally, the pulsations of the gas bubble after the discharge.

A typical process of the initiation of a discharge is the

breakdown of theelectrode gap in a liquid under the influence of

the electric voltage appearing on the electrodes when a charged

condenser is connected with them. In the voltage range used in

practice (1-100 kV), two breakdown mechanisms are known: the

streamer, or leader meachanism, corresponding to high voltages,

and the thermal mechanism which takes place in the case of low

voltages. The most favorable conditions for the appearance of

a leader breakdown occur in the case of high voltage non-uniform

fields tctwten a positive point and a negative plane. As a iesult

of the breakaway of the Townsend ionization rushing to. the point,

leaders are formed, growing in the direction ofthe ionization

centers on which the Townsend ionization was formed. This process

is reminiscent of gas breakdown. The set of leaders on the positive
point have the form of a brush corona. The closure of the electrode

gap by one of the leaders leads to the completion of the process

of their formation of the discharge channel. This mechanism

provides for the breakdown of electrode gaps several centimeters in

length with voltages of several tens of kilovolts. The breakdown

lag, that is, the time between the moments of switching on the

voltage and forming the channel, in the case of leader breakdown

is practically independent of the amount of hydrostatic pressure,

at least up to 1000 atm.

In the case of low voltages the leader mechanism of breakdovn

is replaced by the thermal mechanism. Heating and evaporation of

the water near the electrodes takes place under the influence of

conduction current. As a result, a gas "bridge", along which the

breakdown of the electrode gap takes place, is formed between the

electrodes. Distinctive fcatures of this mechanism of a discharCe

initiation are the great breakdown delay, reaching a value of

~cveai l: ii~ ~, I e:1 I ~r~ Lhof Uif- rt:' wz hich c-in to
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broken down, and the great increase in the breakdown lag with an

increase in hydrostatic pressure.

A discharge may be initiated, if technological factors require

it, also with the use of auxilliary means.

After the formation of a channel an intense discharge current,

reaching tens and hundreds of kiloamps, heats the plasma even at

the initia] ztage of the discharge to a temperature on the order of

10 4 .o During the discharge process, while the current is flowing,
the plasiua temperature varies insignificantly, dropping after the

end of the discharge.

Heating the plasma produces an increase in pressure in the

channel. Under the influence of the elevated pressure the channel

expands. The pressure in the channel passes through a maximum

during the discharge process: in the initial stage of the discharge
the preszure in the channel increases, in spite of the increase in

its volume, and drops only toward the end of the discharge. A
pressure in the channel at the maximum reaches a value on tne order

of 10 3 atm in the case of a moderate energy density in the channel.

The plasma density during the discharge process varies insigni-
ficantly and is maintained at a level of 1020 particles/cm- 3 . This
takes place because the decrease in plasma density due to the ex-
pansion of the channel is compensated by the arival of new particles

as the result of the evaporation of water from the channel wall.

The resistance of the channel in the initial stage of the
discharge drops because of the increase in the cross section of the

channel and because of a certain increase In the specific conductance

of the pla-sma. Toward the end of the discharge the resistance of
the channel increasez in spite of the continuing expansion of the
chmu~nei.



This takes place because of the cooling of the plasma and
deionization caused by this process.

The expansion of the channel continues even after energy

ceases to be released, first under the influence of the pressure
which is elevated in comparison with the hydrostatic pressure, and
then as a result of the inertia of the flowing liquid. In the post-
discharge state, the channel is converted into a gas bubble. The
expansion of the bubble continues until the kinetic energy of the
flow is completely converted into the potential energy of the bubble,

the pressure in which is significantly loes than the hydro-
static pressure. Then, reverse motion of the liquid takes place
under the influence of the hydrostatic pressure. The potential
energy again Is converted into the kinetic energy of the converging
flow. When the cavity is slammed shut the pressure of the gas in it

increases sharply. Under the influence of this pressure the liquid
is thrown back, and the process is repeated in the form of several I
successive damping pulsations. The period of the pulsations and I

# Jo

Figure 1.1. Profile of compressioni wave emitted by an
electrical dit;ch'irge in u liquid.



P'I

Figure 1.2. Oscillogram of compression wave at a distance of
I m from a discharge.

the maximum bubble radius are determined by the amount of energy

released in the channel.

The expansion of the channel in the discharge stage and the

subsequent pulsations of the bubble are accompanied by the emission

of compression and rarefaction waves. Compression waves are emitted

in the discharge stage and during the following bubble wc;ldini,

* .when the high pressure in the channel and then in the compressed

bubble causes compaction of the adjacent layers of liquid. Com-

pression waves alternate with relatively long rarefaction waves,

which are emitted in stages when the pressure in the bubble is lower

than the hydrostatic pressure. A typical profile of a compression

wave arising in a liquid as a result of an electrical discharge is

shown in Fig.;.1.1 and 1.2.

In the case of the intensive release of energy the rate of

expansion of the channel may become comparable

to the speed of sound in the liquid and even exceed it. In these
c,*ses a compression wave propagating in a liquid is converted in-

to a rhock wave in the! ir•:mdiate vicinity of the channel or even is

emittd immedintcly in the form of H :ohock waive. The enerry re-
leased in the di.:charge chirmne] basically 1:: expended in the work
performed by thc channel durinC,,, expfnsion (around 50%). and in

' !2' ' ilf



The work performed by the channel is subdivided into the

compression wave energy emitted in the discharge stage (up to 20%),

and the gas bubble pulsation energy, equal to the potential energy

of the bubble at the moment of maximum volume (up to 30%). The

pulsation energy gradually is consumed in the emission of compres-

sion and rarefaction waves and in other losses.

Fig. 1.1 shows a schematicized profile of a pressure wave,

and Fig. 1.2 a profile recorded experimentally at a distance of

I m from a discharge channel 0.9 of in capacity at 30 kV; the

length of the channel is 6 cmi the inductance of the discharge

circuit is 3 ',: the time markings are I msec; the amplitude of

the compression pulse emitted by the discharge in the direction

perpendicu2ar to the channel is 9 atm. In the channel of this

discharge, the conditions of which are close to critical, around

350 J of energy m about 10 psec was released. Pulses,

reflected from the tank wall and from the free surface of the water,
are seen on the experimental curve after the compression pulses.
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CHAPTER 2

DISCHARGE INITIATION

1. Introduction,.

Discharge initiation is understood as meaning the process of

creatin, a current conducting channel, closing an electrode cap,

in n 2•iquid. This pro-:c-:s may be based upon different physical

ph.nor'na. The-. onc is the breakdo.;n of the liquid under

the influence of volt,-?i.u applie-r! to the clectrodes. With sufficiontly

high electric intensitics, the breakdown of a liquid, similar to the

breakdown of gas, arcd by thc formation of leaders
which develop from orn, ldcc .rcde to another. In the case of low

field int....tics and in liquids having sufficiently high conduc-
tivity, a gas cavity, alonrg which electric breakdown then takes

placE , first forms be~v'ccn the electrodcs.

In addition to the:sr phenomena other means may also be used

for initiatin, a dischaz'rue, for example, the vaporization of small
wet metal wires with which the electrodes are connected prelimi-
narily. For discharge initiaticrn it is possible to use preliminary

breakdown of the electrode gap under the influence of high voltage
from an auxilliary source, and also breakdown along a gas bubble

artificially formed bctca:en the electrodes.

The variety of methods of initiating discharges stems from the

necessity of creating discharges in different conditions, namely:

under differnrit initial working voltages, in liquids with different

c,•'•'.,,t:.n':'.• and under different hydrostatic pressures, and also

from the neces;:'.ity of forming discharge channels v:ith different
paranteters. The latter' is importrtnt for mnatching the resistance ,f

the channel w•1 t.h Lh r - :utance of the. coriduutirqg circuit in order

to •0r•4nte 2r: [rm; i¢:i|t Jo.s i•n tranz'n ttinri cnergy from the
condc,-ý,er to thce charn(L.



In addition, when using electrical discharges as sources of

compression pulses it is necessary that the mean resistance of the

channel with respect to time be close to the critical resistance of

the discharge circuit. Fulfilling this condition, as will be shown

below, provides for the maximum efficiency of the discharge. For

investigative purposes sometimes it is necessary to obtain a channel

of a certain form, for example cylindrical: this is easy to do by
initiating discharges wit), wires.

The method of initiation used usually must provide for a

brief initihtior, proceso in comparison with the duration of the

discharge itself for stability of the discharge and for low energy

consumption.

In the following sections we shall consider several methods of
initiating discharges in water.

2. Initiating discharges by high voltage breakdown in weakly

conducting water.

The conductance of water exerts significant influence on the
processes of discharge initiation. In cases important for practical

purposes conductanCes may vary within quite wide limits, from a
value on the order of 10-4 (ohm x cm)"I for tap water to a value

on the order of i072 (ohm x cm)"! for sea water. Discharges in
weakly conducting water arc used most widely. Discharge initiation

in this case usually is |ri'-'d by means of electrode gap breakdown
under the influence of high voltage applied to electrodes. The

voltaZes used here reach 100 kV. The mechanism of breakdown under
the action of high voltna,,s comer; down to the formation and develop-

ment of leaders up to the point where one of them closes the electrode

gap.

For 1,:d.r for:=.-ti.or; it is necessary that the field strcngth
at thV! elccLror,! :;arfacc, exceed a thre:hold value on the order of

rrvýr"! '':- ," '.'"vn: n,'r r-nti'.tv-r. Point - platne or point -



point type electrodes, creating an intensely non-uniform field,

are used to create the maximum possible field ztrt!ii•,ths. The
field strernith at a point with a radius of curvature r which is

less than the length of the electrode gap 7, may be found according
to the approximation formula

2n41-

,Im-7  (2.1)

- for point-plane type electrodes and according to the formula

(2.2)

- for point-point type electrodes.

These formulas show that the field zirength at a point is de-
termined primarily by the radius of curvature of the point r and
by the voltage u, it being higher for the case of electrodes of
the point-plane type.

Figure 2.1. Discharge channel.

The minimum field .:r,(th, calculated according to formula
(2.1), at which Ju::dcrs still appear, proves to be approximately

equril to 36 k`/crr, and corresponds to tho, case of a positive point
in the noctive I!A•fl 'I *. This result is obtained in experiments
with a point in thhr; form of a rod ir.su]lted with " vacuum rubber

its
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Figure 2.2. Discha.rge channel.

I -

Figure 2.3. Development of streamers in tap water. Positive

electrode point, negative plate. u0  108 kV, electrode

gap 17.5 cm.

tube 8 mm in diameter with a tip sharpened into a cone with an angle

of 300. The radius of curvature of the point was 0.5 - 4 mm and

the water contact area was 0.8 - 4 cm2 . The voltages used were in

the 16 - 100 kV range, and the capacitance of the storage device

varied within the limits of 0.01 - 10 ijf. The reliability of the

miniu..-i amount o' f icjd -:1 :, corresponding to the threshold of

the appeoarance of leqdci-'; is unknov,7i for other conditions, not so

much 1,,.c)uze of the approximate n-rture of thc calculating formula,

but bLce:,uze of ,istro'tion:- of the field at the electrode point

int,.cir',d ty d i f'Y,:cr t i:.ctor': . The dc,. ye of surface roughreiCs

of th. ,le:tro'lr p,:ys - :i-nificart rolc inri the proreos of lendcr
, ~~~. t '. , 'r ... . :,, r":" , rv,', J: "ftr':

•'6 :':'. • • :: • , :., !~ ~~~. " " ' ' ' . . . . . ..



polishing the tip (21. It is possible that a gap film, the break-

down of which also is an indicator of leader formation, is formed
during the delay as a result of water being heated by the current

on the electrode. The presence of roughness facilitates the forma-

tion of gas bubbles at individual.points. Insulation of the

lateral surface of the point plays a significant role in the process

of leader formation. Insulation is necessary in order to exclude

I I
I[ '

Figure 2.4. Development of strcamners in tap water.
Positive electrode point, negative plate. u0 = 108 kV,
electrode gap !6.5 cm.

Figure 2.5. Pevelopment of a streamer in tap water.
Negative elentrode point, positive plate. uO = 108 kV,
electrode gap 1.5 cm.

contact of the high voltage electrodes with other parts of the

device. The presence of insulation creates field distortion due
to the appcarance of charges settling on the surface of the insu-
lating dielectric. The formation of a leader therefore takes place,
as a rule, not on the point, where the theoretical field -,trcng~ih i: at
L maximur:, but ri. the border of the electrode with the insulation.

Thi; phýnor-,non is scen clear'ly ; a photograph of a discharge
be:twror-n ectrodes in the forim of two rods 10 mrnr. in diameter and

with an eletrocie np of 2.. rm. The voItnte on thp electrodes

-I



before breakdown is 50 kV (Figs. 2.1 and 2.2 [21j. This effect

leads to the destruction of the insulation and limits the service

life of the electrode.

Electrode polarity has a marked influence on leader formation.
The pre-leader time - the time of the formation of a leader for a

negative point in the positive plane - is somewhat less than in the

case of a positive point if the field it-'rzg:?ths do not exceed

85 kV/cm. In the case of high field strenZth, approximately

350 k'./cm, the situation is the reverse. In this case, the time

of leader formation is not more than 0.5 sec for a positive point, .nd

for a negative one, I - 2 psec [1].

The Oevolopment of leaders in the gaps between a point in a

plane t-:c• place significantly differently depending on what
polarity the point has [3'.

In the case of a positive point, the Tcw.:nrendi ions
rushing to the point from the individual centers of ionization,

"mark out" the path for the growth of leaders. Figs. 2.3 and 2.4
show photographs of the streamer picture which appears in an electrode
gap 17.5 and 16.5 cm long formed by a positive tip and a negative

grinded plane in tap water. The working voltage of the storage

device is 108 kV. and the capacitance is 0.1 uf. The positive

electrode was the end of an ,:,-3 cable with the outer insulation
and braiding removed; the diameter of the high voltage insulation

is 9 mm and the diameter of the inner wire is 1.37 mm.

In the case of a negative point the electric field "blows out"
electrons from the point, ev'idently, significantly more uniformly.
A negative space charge is forme',d around the point, lowering the
field .- ',.-t in 1.he •'c0 of the negative electrode. This effect

hinders ]r:,,,r forlwation. In tnis situation the presence of a
po.:itiv', -iii-frcc, cYhrF,' on Lhe: lectrode insulation plays, an impor-

tVnt role.

/ ~a
.4 ,• 'e
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The field picture changes sharply thanks to these charges.

Great field gradients appear in the direction from the point to

the insulation surface, and a leader is formed in this direction.

A leader, spreading along the insulation surface of a negative

electrode point, is shown in the photograph given in Fig. 2.5.
This photograph was taken in conditions differing from the condi-

tions which obtained in the case of the photographs in Figs. 2.3
and 2.4 only by thle fact that the electrode polarity is changed.

and the inner electrode distance is decreased to 1.5 cm.

Thus, the most favorable conditions for the appearance of

leaders, necessary for closing an electrode gap, exists on a posi-
tive high voltage point. The dynamics of the growth of leaders in
the electrode gap formed by a positive point and a negative plane

depends on the amount of voltage, the capacitance of the storage
device, and the amount of point area in contact with the water.
Information on the development of leaders usually is obtained by

means of photographing leaders by the self-exposure method, exam-
pies of which are the photographs in Figs. 2.3 - 2.5; by high

speed motion picture photography, an example of'which is shown in
Fig. 2.6; by photography with the use of image conversion [4]; by

motion picture photography with direct illumination [5] and by
oscillography of the discharge current and voltage in the electrode
gap.

The following basic rules will be established according to the

results of an experimental investigation of the development of
leaders.

The magnitude of the strength at a point, depending on the

voltage and radius of curvature of the point surface, in contact

with the water, determines the number of leaders which appear. The

higher the field stren7,th, the grJeater is the number of leaders

which develop. A quantitative idea of the dependence may be

obtained accordin!, to photographs of the brush corona on Fig. 2.3,
td . -,V0- C ; - ! , i, . 2.7 ; i 2. , w ',(r Lhe ' on th

4.,
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Figure 2.6. Photographs of streamer development.

same electrodes is depicted, but with a voltage of 30 kY, a

condenser capacitance of 0.33 pf and electrode gaps of, respectively,

10 and 9 c7--. In these rhcto:ýraphs it is obvious that at 36kV the

number of leaders is significantly less than at 105 kV. This is

explained by the fact that with an increase in field strength

avalanches are formcd on nucleii having a higher ionization poten-

tial.

After the formation of the leaders, their development is de-

termined by the field strength at their heads. When the field

strengths prove to be lower than a certain critical value, the
formation of avalanches ceases and the growth Qf the leader stops.

The field strengths at the head of a leader drop for two reasons:

due to a voltuge drop along the length of the leader and due to a

decrease in voltage on the electrodes as a consequence mf the dis-

chare of the condcn::er. Therefore, the higher Is the voltage on the

conlorzer, jn,1 the -greater its cnpacitznce, the greater is
mrxirmm icn"'h of lc,13rs:. For example, in the case of a

capacit-.nrie 0.1 pf :rr vol tag of 10, 30 and 100 kV, the maximum

I''dc of



RK-3 cable, is equal, respectively, to 1, 4 and 15 cm. If we leave.
the voltag-, equal to 30 kv, then with condenser capacitances of

0.1, 0.2, 0.4, 0.9 and 1.6 of the maximum leader length will be,
respectively, 4, 4.5, 5, 5.5 and 6 cm. The maximum leader length
pas-E.s through a maximum if the voltage is increased, maintaining

the energy of the storage device constant. In this case, the
effect of the increasing voltage first is neutralized, and thron
is cancelled by the effo:ct cf the reduction in the constant time of

the condeonor discharge due to the reduction in capacitance and
also due to the reduction in the resistance of the electrode gap

because of the increase of coronal branching.

Kuzhekin [1] obtained empirical formulps characterizing the
growth of positive leaders, valid for t".e following conditions:
voltage ra.nge u = 15 - 100 kV, condenser capacitance range C

0.1 - 10 of, point area S = 0.8 - 4 cm2 . The point is made in the
form of a ro3 8 mm in diameter, sharpened into a cone with an

0angle of 30 , and a radius of curvature of the tiD of the cone
r = 0.5 - 4 mm. The conductivity of water r -104 (ohm x cm)-, a-d
the negative electrode is a plate.

Figure 2.7. Brush corona. Positive electrode - point.

For these conditions the maximum length of the leaders, and,
consequently, the maximum disruutivelength of the electrode gap
is determincd by the formula

. + In, , .! 1,2". , -(2.3)

14 U" ',=:"

Reproduced frombest e~vailabl, ory.,



Here u0 = 18 x 103 in 4t/r Is the voltage corresponding

to the minimum field strength at which leaders still appear

(36 kV/cm); a is a constant equal to 3600 sec x V2 /cm; I is the
distance between electrodes.

The length of a gap requiring not more than 10% of the energy
of the storage device for its own disruption is determined by the

formula

These formulas give incorrect results if, in particular, the
amount of point area is less than the lower limit of the above-

mentioned range of variation of S, for example, in the case of
an electrode made of an RK.3 cable, when the area amounts to several

square millimeters.

Let us consider the development of leaders in time. As high-
speed motion picture photography shows [23, the "growth" of leaders
takes place with interruptions. The interruptions result, evidently,

Figure 2.8. Brush corona. Positive electrode - point.

from two causes; The leader hcsd running Into gas bubble - cavita-
tion nucleii, increises the radius of curvature of the leader head
and thus reduces the field strcnrgth on it, and lags in avalanch
formation due to the temporary absence of centers of ionization
with sufficiently Jow ionization potentials in the liquid near the
leader hei. " Thennumber of in~terruptionr and their duration depend
on the amount of volt:Vrr;¢ - with an increase in voltage these values

.. r ',•:r , ., -:10 ",:'rJo rt(, of prc'th of n leider,

4'4



determined as the ratio of the length of the disruptive distance to

the amount of breakdown lag, depends on the voltage. The average

rate of leader growth thus determined also depends upon the lag in

leader formation on an electrode, which, in turn, is determined

not only by the voltage, but also by the form of the electrode and

its structure.

We shall now cite some experimental data on the dependence of

the avorage rate of leader "growth" on the voltage for two types

of formation of a positive electrode-point. One of these was made
from a rod 8 mm in diameter, insulateJ with a vacuum tube. The end

of the rod was shmirened into a cone with an angle of 300 and a
radius of curvature of 0.5 - 4 mm. The average speed at 20 kV
was 2 x 10 cm/sec and at 100 kV - 5 x 106 cm/sec ri ].

The other electrode was the end of an RK-3 cable. The maximumlis-
ruptive distance L, corresponding to the breakdown la- T, and

the aver2ge rate of leader growth /VT with different values of the

working volta-ge arc given in Table 2.1. In obtaining these data

the araount of condenser energr was held constant and equal to

45 J [6].

TABLE 2.1

u, kv t, cm t, Tsec I/T, cm/sec

52 5 2.5 2.106
83 D 4 ,8.310*
21,2 2.5 Is i7.0'm
05 1,2 22 5,1.140

The data in Table 2.1 testify to the fact that in case of an

electrodo-point, inide in the form of the end of an RK-3 cable hav-

inil a substantially smnaller area of electrodo-water contact than

in the precc•,ding c:,:;c, the ,verige rate of leader growth for the

sa•me vol t:g�c wvlu, prove to be zom.,'.ht hit;her. This effect,

evidently, is due to the siurnificmt~ : shorter .Iag in leader for-

...................... u ri vi ( .Lu re



Figure 2.9. Electrical charac-
teristics of 3 discharge in the
absence of absence of breakdown..
Length of electrode gap 6 cm,
voltage 30 kV.

1,2,3 - current, voltage and
resistance in the ca-c of a
condenser discharge equal to
0.4 ifs V', 2', 3' correspond
to a condenser discharge of
0.9 uf.

The lifetirm, of the leaders, if the electrode gap exceeds

the maximum length of the leaders, is not limited by the time of

their growth. Leade:s exist even after reaching the maximum length,

the total life time sometimes exceedinG the time of leader growth

by two orders of magnitude. For illustration, Figs. 2.9 and 2.10

show oscillograms of discharge current and voltage on electrodes,

recorded in the case of the discharges of condensers 0.4 and 0.9 uf
in capauitance at )0 kV in the case where the leader development is

riot completed by the breakdown of the electrode gap (Fig. 2.9).
with a gap length of 6 cmi and when a channel is formed (Fig. 2.10),

with e gap length of 5 cm [33.

In addition, Figs. 2.9 and 2.11 show the time dependences of
the electrode gap resistance, calculated according to the oscillo-

grams presented above.

With electric strengths on a point above several hundred
kilovolts per centimeter, leader development is practically inde-

pendent of the hydrostatic pressure up to the maximum value reached

experimentally, elual to 1000 atm. This indicates, evidently, a
hirh density of the, matter in the leader channels while they are

growing. The leader channel expansion seen in the photograph against
a background of i]luiiinwtion produced with a certain lag relative
to th,, dij-ch'r:ec indicates that the matter in the leader channels iS

hick:t-d nnd under hi:,h prcr::ure. However, the clectrostatic effi-

ciency of 0ii:: .rjr:t whe:re no elhanne] is formed "u small t the
rnti,• , hf ,tn,,-'. , ,., rr',r, . :: r ,..:..,, to Vihc. enrnr'y" ,: Lorrd In



the, condenser does not exceed a few tenths of a percent [3]. This

is connected with the fact that because of the great ballast

resistance of water the energy liberated in the leader channels is

small.

In conclusion we note that the initiation of discharges in

tap water by breakdown uider the influence of high voltage takes

place over the course of very short intervals of time, on the order

of several microseconds, requires a small consumption of energy,

approximately suveral joules,a-nd takes place with high stability,

if a voltage of svcral tens of kilovolts is applied to a positive

electrode having a sufficiently small, on the order of 10 mm2 ,

exposed surface, and the electrode gap does not exceed approximately

two thirds of the maximum leader length for the voltage used.

Figure 2.10. Electrical characteristics of a discharge
with breakdown. Length of electrode gap 5 cm, voltage
30 kY. 1, 2 and 11, 2' - current and voltage with dis-
charge of condensers 0.4 and 0.9 Pf, respectively.

Figure 2.11. Time dependence of resistance with the
brekdown of a 5 cm electrode gap with a voltage of
30 k ",: Curves I and 1' correspond to discharges of
condensers of 0.4 and 0.9 ud.

eOhm2o1
'4

'4.,
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3. Initiation of discharges by high voltage breakdown in

highly conducting watr.

With an increase in the conductance of water from values on
the order of 10-4 (ohm x cm)-I. corresponding to tap water, to val-

ues on theorder of 10-2 (ohm x cm)- 1 . corresponding to the con-

ductance of sea water, the structure of the brush corona changes

substantially. Thfe changes basically come down to the following [3).

The leaders arlsin-, on the positive point begin to branch
intensively, and their maximum length with a given condenser
capacitance is shortenrd significantly. The corona on the negative

point turns into a thick brush of straight short leaders. Figs.

2.12 and 2.13 show photographs of the corona on positive and nega-
tive electrodes made in the form of the end of a type PK-2 cable

K with the outer insulation and braiding removed. The diameter of
the high voltage insulation is 7 mm and the diameter of the inner

wire 0.6 mm. The capacitance of the condernser - energy storage
device is 0.9 pf. and tho initial voltage is 30 kV. The water
contsined around 5% !:9C1 by weight and had a conductance of

0.069 (ohm x cm)" 1 . According to these photographs it is possible
to find that the maximum length of the leaders on the positive
point is around I cm,while in tap water with a conductance of
around 2.8 x 10-4 (ohm x cm)-! and all other conditions being
equal,the maximum length of the leaders reached 6 cm.

The increase in branching of the corona together with the

increase in conductance of the water causes a significant shorten-
ing of the duration of a discharge not completed by a breakdown.

Pigs.2.l1 and 2.15 chow oscillograms of the discharge current and
voltage on a positive and, correspondingly, negative electrode-

point relative to a grounded electrode. The grounded electrode was
made of a brass grid witi a 5 x 5 mm2 mesh, and in the form of a

dphfro and surrounded the electrode point. The radius of the
spher, was several centimeters. Its size has practically no in-

flucrce on the e]ectricn] charancteritics of* the discharge..

Curvet; I and 11 correspond to the discharge of a 0.9 Uf capacitance

2 oA



0.1 tf capacitance condenser at 30 and 10 kv, and the inductance

of the dischar.,ge circuit amounted to several microhenries. Fig.
2.16 shows the depenCences of the interelectrode resistance at the

moment of maximum current for different values of the capacitance

and initial vol tage.

The chan.g-s observed in the structure of the corona, evidently,

are connecte. with the fact that by inereasing. the electrolyte
corxcontratioh in. th t the r'u,,mber of Tot:nsend Ionization nucP'-,
with a low ionizatioin poLcntial increases. This entails an in-
cre:tne in the :'ar:,ohnir of the corona or: the posiilve point and an
incres~e in the number of leaders on the negative one. On the other

hand, the co!Jcr.ser di.''.r-. tVkes place more rayý,idly with an
incro-;:e in t!.c corona Scrface rind "w;ater con:]uctance. As a result,

the fie~ld -ti. o, tL', head (,f the leaders decrc-.ses rapidly
up to the- threshold value and the dcvelopment of the leaders stops
e-r'..,_, than 1r: pnnrý'y c:,IducT_', '.-; ter. "T'hus, the lrn"th of the
eleat:'r1, ra,:: "whi -:h ,n be brolvn dowrn is s]hortened with an in-
cre.r., in eorductn--.:e, PnJ the encrgy expended in the pre-

bre.kdo'.Jm stn-,e ircreasc--.,

If in the case of the high voltage breakdown of poorly conduct-
ing water an insienific,4ntly small fraction of the condonser enercv is
liberated in the leader channeln, with an increase in conductance
this fraczion significantly increnses. This may be judged by the
energy chprueteristlcz of the hydroacoustic effects, accompanying
discharres not cop]cted by a br'•:kdoYn, in water of high conduc-

tance.

Fit,.;. 2.17 arci 2.1. Chow o,.ciilogram.- of pre:n-ure pulses re-
cleved by a broi-h1 h:,' frop1one at a di-t;'r" of 50 cm from the

pul:o( cnrorn. on poiijti'v, nnd, corre::pond in.-ly, ner,%tive points.
Thecnrucrti tr of th. 1 ,,erc,1l,: c.rrccp:u .: to thi description
j)eir',/ r,;; to F".'c . 2.-14 :trnd 2.1';. Curv(.; I d i ' l r19, to d '-
reh'n'ms~ e' % eptr i,':,, of' 0..•9 i ;lt JO ", 1. ¶0 1:'.'; ,urvc, 2 %t] 21

S , . ,)'. " Th



acoustic field created by the discharges is sperically symmetrical.

Figure 2.12. Ccro:,x• or-, a p,-[itive point in salt water.

The duration of the compressicon pulees is close to the duration of

the dischar.ce current. The compression pulses emitted by the

coronz• ,re reopol';ccl well from discharge to discharge.

Table 2.2 shows cxperir.cntn. values of v of the ratio of the
compression pulse energy to the condenser energy for different
va-�~. of :-. c-ondrnser enerfry E at," initial voltages u on a

positi!.'e 0 ) r,:A1 rI,-,-tve (-) point. The discharge durations i,
fouwl aceordir- to oseil]orrams of the current are indicated in

this table. The coprc'ion pulse cr.ergy is calculated according

to the formula

W. p- • rdt.• .(2.5)

where r is the distance from the corona to the hydrophonet oc is

the wave resistance of the waterl p is the pressure in the com-
pres-ion wave ait the distance r at the moment t.

Another hydrodyr.ý,,mic characteristic of a discharge is the

enerý' o.f thn pulsuatinig bubble. Table 2.2 shows the bubtle pulsa-
tion pericd,: zburid the percentnae ratio PLof the enerry of a

pu]u;,'irY bubtle to ti,: rnne'rgy of the cot,,denrer. The energy of

the buLLLJ. i:; c:]cul:,•,- according to the formula [7 ]

.(2.6)
v., ,1 , •. .. . . .. ", ,"" '," r•', ". ,: p .. th- W. t r dr•itty.
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Figure 2.13. Corona on a negative point in salt water.

d, kV

1., 1 cr:eor i ,, 0. .! f,•e~r ~ 0atA1 V

Figuare 2.14. Oscillogram of discharge current and voltagein the CP-e of' cor~n,-,. disch- rge on ?, positive point
" 1. 1' co.rp'esponl lto %• 0.0 ..A" conlJen.-er F-t- 30 nrd 10 kV;

•' 2, 2' to the dischargc; of a 0.1 uf condenser at 30 and 10 kV.

Figure 2.!5. Oscillograms of discharge current and voltage
in the case of coronal discharge on a negative point.

*It.*. '.elmm

Figure 2.16. Depe'r.dence of interelectrode ".
resistance at the moment of maximum 4
current on the condo,- cer capacitance
in the cas;e of different initial.
voltages

Curves 1, 2, 3, 4 correspond to : f
voltages or 10, 15, 21, and 23 kV. . w
Solid lin:s corrcspond to a corona a
on a posl'ivc poin,., and dotte.d\
lines - on a negative point.
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TABLE 2.2

U. oaj J T,IJSCC np T~ usec na~Itl;y I I ,• +p.,

For 0.1 jif

+ J JFor2 0.2 5

"Il- I ____I • [ .2I 1. I 0.1

. 2 I - I " , . I '* + I l.? I o~

I + 1 I '. I:. i I I. !

For 0.4 jif
I __I___ _ . I 4 .2 1 1,

I + 11'a 43 :5, ,8

H,, 1:: +' I •.. ;1 I 3. I o.

I 421 1.
21,233 5

+ I - I " I s, 5:.4 I i,

For 0.9 l zf

I .. I I I .sI #.L IJ ,

t + 1 17 3 .1 .7 j s

I .L..... I I ! I "

IsI 22s 3.1 I 2:4, 0

21. + 45 h .14 i 3.:, 0 .7
.m's ~ ~~ I-I" , s7 2 ,. 4 .

SFor 0.94 lf

2tl2 + If 7+ 3.1, 3."33 t.4
.•s'sU -. I4 + .3 I .7

5 + - 0,415 3:1 3.4 1,

27ii Go 4i O



According to the data in the table it is possible to conclude

that the-work perfcrmed by a discharge, not completed by a break-

down, reaches 7-8% of the condenser energy in the case of highly
conducting water.

I

Such discharges are used for generating pressure impulses used

in hydrogeilogical research [8].

The results presented above refer to comparatively small con-

centrations of electr Jtes. The authors of [5. 9. 10-121,

conducted investi"rations of the breakdown of electrolytes with

conductances and concentrations of dissolved substances varying
within a wide range of values. The authors of E5, 9-11 1 came to

the conclusion that the "high-,voltaze behavior" of electrolytes
does not depend on the dissolved matter and is determined only by
its low voltni-c electric conductance. Figs. 2.19 and 2.20 show
the depondences of the breakdown distance on electrolyte conductance
in the case of positive and negative points (the end of an RK-3

cable). The voltare on a condencer of 0.2 and 0.4 tf capacitance
was 10, 14 and 16 kv. While in the area of low concentrations

there is a clear connection between the breakdown voltage and the
length of the electrode gap, in an area of medium and high concen-
trations the condenser discharges before the breakdown of even a

greatly reduced gap takes place.

In [12 ] the investigation of electrolyte breakdown is extended
to an area of electrolyte concentration so high that a drop in
electric conductance is observed. For this area it is found that
a lunger breakdown delay corresponds to the same electric conduc-

tance values as in the case of low concentrations.

In conclurion we not, that from the point of view of initiating

discL:%r:ers the miost s.ignificant effer:t of jincreasing the electric
conucta:.e elof the ]iquid are the reduction in the length of the

Jeod cr';c irjd Lhr, inrcvuera: in pre-br(,nkdown currents. As a result,

S, .. ~:", . .j.: I.. i t i(:c..:':7r.y to d(,:,i.
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with enerey locses in the pre-breakdown stage, in tarticular.

in the case of low condenser energies The use of small electrode gap

I ~i

Fiur 2._.Oe1orm fpesr usseitdb

the eoro:'.2 on a positive point.

Figure 2.13. Osci.k~grarrs of pressure pulses emitted by
the corona on a nefative point.

.1"W1. em ,C
f.,.,.•.

I1o"m ,0" area of even
arearea of eveni leakage

!•,, •.kaow ..\.• ,f"" <<"ak3ge

hr brakdownI
Sarea >breakdowin

Figure area~s~

specific electric conductanzce of a solution (positive
point) 1-10 k'!, 0.2 Pf1 1-10 kV, 0.4 'ft; 3-14 kV, 0.2 Pf;

-16 kV, 0.2 If.
Figure 2.20. Dependence of breakdown distance on the
specific electric conductance of the solution (negative
point) Symbols as on Fig. 2.19.

requires a reduction irthe effective resistance and inductance of

the coniuctinr:r circuit in order to provide a sufficiently complete

reolcn.: of th, cor.,n,1cr.,-r oncr,,,? in a discharge channel with low

roei:;] ncu in n,-'r-cr• tic' conditions.



4. Initiation of discharges by low voltage breakdown of

a liquid.

Up until now we have considered the initiation of discharges

by the high voltage breakdown of a liquid, in which the processes

of the formation and development of leaders played the principle

role. With a decrease in voltage the field strength, near the

electrode may prove to be Insufficient for the formation of

leaders. For tap water_ with a conductance on the order of 10-4

(ohm x cm)- 1 the critical fiel.d strength-, according to Kuzhekin's

data [1], is approximately 36 ky/cm. In the case of lower

strengths the breakdown of the electrode gap takes place along a

gas bridge formed as a result of the heating and evaporation of the

water by the conduction current. Electrolysis also contributes

somewhat to the formation of gas bubbles near the electrodes.

The formation of a gas bridge is an energy consuming process

which takps place over the course of very great intervals of time

in comparison with the time required for leader growth in the case

of high voltage breakdown. For tap water these times are measured

in hundreds and thousands of microseconds in relation to the

configuration of the electrodes, the amount of voltageand the

length of the electrode gap. The duration of the process of

forming a gas bridge is shortened with an increase in the conduc-

tance of the water.

Since for the breakdown of the electrode gap it is necessary

that the gas bubble reach a certain volume, it proves to be the

case that the energy consumption and duration of the breakdown

stage depend on the hydrostatic pressure. These circumstances lead

to the fact that the use of low voltage breakdovm is very ineffec-

tive for initiating discharges. However, there is a way out of

this situation, vwhich is achieo'ed by using a special electrode

configura tion: a conrfiguration so that the channel formed after

the breal-doan of a comprirative]y small electrode gap, may be

lIr.- t2, ] du:'n... dzchr~r proce!n. Tn prrticular, the



discharger, schematically shown in Fig. 2.21 satisfies this re-
quirement. Its coaxial electrodes, mounted one inside the other,
are separated electrically by an insulating sleeve. Breakdown
may take place only between the edges of the ends of the electrodes.
The interelectrode clearance equal to the thickness of the insula-
tion. may b2 on the order of I mm if the working voltage. on the
condenser is on the order of I kV. In this case the lag in the

breakdowr. of the electrode rap amounts to several tens of micro-
seconds. It is rcduced by increasing the condu:tance of the
water and is little dependent on the hydrostatic pressure, if it
does not exceed 10-20 atm.

After the breakdown of the electrode gap a hemisphcrical

bubble filled with plasma is formed. The current flowing along it
is forced out by its free magnetic field onto the surface of
the bubble. As a result, the axis of the channel acquires the form
of an arc, a:nd the effective length of the chanrel increases
during the process of the di-charge in pioportion to the expansion

of the bubble in the liquid.

I'

:V

Figure 2.21. S-etch of discharger.
1 - electrodes. 2 - insulating sleeves

Figure 2.22. Orcillograms of current and voltage for the
discharge of a condensrer.

Than':, to thr Jlengthening of the channel in the process of the
di ,:,r-•: itb elcct.c riJ si!;tmce provor. to be sufficicntly higýh to

be able., technical., innl],' without .i;jnificant lo-Sses ald at the
S'ile ti:i:(. ":i:fc icicntl r:.pidly. to tran-zmit the enerrgy of the con-

A , •:.•',
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As an example, Fig. 2.22 shows oscillograms of discharge

current and voltage on the electrode of a discharger, corresponding

to the method of initiating a discharge described above. The

parameters of the discharge circuit are as follows, condenser

capacitance 320 Pf, initial voltage 1.6 kV, inductance of discharge

circuit 0.1 PH, interelectrode clearance - 0.1 cm. The discharge
was performed in a 1.5% (by weight) solution of table salt in water.

The breakdown lag is, as is seen by the 6scillogram of the voltage,

around 30 joec. Around 85% of the energy stored in the condenser

is released in the channel.

.5. Initiation of discharges by auxilliary means.

The effective initiation of discharges in low conducting

water, as follows from the preceeding sections , does not present

difficulties only in the case of using high voltages. However,
the use of high voltages is connected with certain difficulties.

The principal difficulty is the necessity of providing reliable

insulation of the high voltage circuits, which is unavoidably

connected with increasing the overall dimensions of the units. The

use of low voltage discharges with the same energies makes it

possible to make significantly more compact units, which in many
cases is the deciding factor. Therefore, there is a real purpose

in seeking means of efficient initiation of low voltage discharges.

In this section we shall consider three methods of initiating

low voltage discharges by auxilliary means: initiation by wire

bridges - this method is practically independent of the conductance

of the liquid; discharge initiation by a preliminary high voltage

breakdown - this method is suitable only for low-conducting liquids,
and discharge initiation by a breakdovn of the working voltage in
a gas bubble, prelimijnarily formed in the electrode gap by an

auxilliary corona) dischirge. This method is suitable for initiat-

ing discharg;,es in 3i•uidt: of quite high conductance. The initia-
tion of discharr-ns with wire bridg-es is based on the use of the

½e ].ric :i '', ' . . ,hi:; pC .y .: . c l. 1 p.rnom non h:is

-J I



attracted the attention of many researchers over the course of a

number of years [13, 14]. In particular. the electrical explosion

of wires in a g'seous medium has been subjected to intensive study.

The basic features of this type of explosion may be characterized

in the following way. Three stages of the process may be observed

after the discharge circuit is closed. In the first stage, four
situations may arise as a result of the flow of discharge current.

1. Meltirn- - the energy conducted is insufficient for

vaporizing the wire.

2. Slow explosion - the time required for the evaporation

of the wire is much grrctor thetn the time necessary for the

dev-,oprient of instabilities in the melted wire.

3. Rapid explosion - the time required for evaporaticn of the

wire i2 small in cumparic:cn with the time required for the devclop-

meat of instability.

4. Explosive ablation - the time required for evaporation

is small in comparison with the time required for the penetration of

a temperature, equal to the boiling point, to a depth amounting to

I/e of the radius of the wire. The development of an explosion in
this situation is determined by. the vaporization of the wire from

the surface.

The first stage ends with the conversion of the wire into a

non-conducting state. After this the second stage begins - a

pause in currcnt. The p.'use in current lasts until the density of
the g•ý;, in the channel which has expanded after the explosion drops

so much that it is possible for the gsas to break down under the

influ'::-'ce of the voit;,c, remainir-. on the condenser. The last or

third stage bc:irn - di:'c:har'e aloer,, tLe r- channel.

It is pc,,; 1i~l, thu'1, ec•r;ditiocn:. many exist in which either

tb". :''r"',,,.•,,vI r'- 4. ~ .*I•,-'•. * t )*. r,,,' * t: ~ j::•-, c v .', 1,,:, rnt



or are poorly pronounced. For example, if the condenser energies

are r,,"ficient only for vaporization of the wire, the current

disappears after the end of the first stage and does not appear

again. In the casc of tungsten wires there is a poorly pronounced

pause in current - current only somewhat decreases after the ex-

plosion of the wire and then increases - and the third stage of the.
process begins.

The explosion of wires in water is qualitatively similar to
the explosion of wires in air. The only difference is in the

quantitative characteristics of the stages. In the case of explo-

sion of wires in water all stages, in particular, the pause in .
current stt;z, fre si-:.ificantly extended in time. This phenomenon

is due to the great inertia of water, hindering the expansion of

the wire in tho first stage, and, in particular, the expansion of

the gas channel in the second and third stages.

Fi-. 2.23 sho",ws oscillograms of the current and voltage on
electrodes in the esse of a discharge initiated by a copper wire

0.05 mnm in diameter and 4 cm in length, in water (a) and in air

(b). The condenser capacitanec is 2 pf, the voltage is 6.7 kv.
In the figure it is obvious that the pause between the current
pulse, vaporizing the wire (1) and the pulse arising during the
breakdovm of the vapor(2), is significantly greater in the case of a
discharge in water, than in the case of discharge in air. The
duration of the pause in current increases with an increase in the
diameter and length of wire. The duration of the pause in current

P .
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Fjigure 2.23. O:oci]]umn of curr(,nt nnd voltage in the case
of a 'di:enuio lnit]itel 'v ith a copper' wire.



depends on the material of the wire. In the case of tungsten wires

the pause in current either is absent entirely or poorly pronounced.
Therefore, thin tungsten wires are most suited for initiating
discharges in water. With the aid of tungsten wires it is possible
to initiate discharges with a working voltage of several kilovolts
having a great channel length and a small lag in its formation

relative to the moment of iwitching on the voltage.

The po.;sibility of initiating discharges with wires of a
material, the reaction of which with the oxygen, formed as a

result of the dissociation of water, has a great thermal effect,

Iý of interest. Such materials are aluminum, zirconium and
beryllium. The therrnwl effect of exothermal reactions is capable

of increacin- the mechanical work performed by the channel

siCnificantly.

As an illustration .we chrill cite experimental data obtpined in
the case of illitiatlng a discharge in water with an aluminum wire

0.4 mm in diýý-eter and 10 cm in: length. The condenser capacitance

is 12 pf, the voltage 10 kv, and the inductance of the discharge
circuit around 3 pH. The dimensions of the wire were chosen so
that almost all the energy of the condenser was expended in vaporiz-
ing the metal. According to oscillograms of the current and

voltage on the electrodes, shown in Fig. 2.24, it is possible to find

that the vaporization of the wire takes place approximately after
18 psec, and around 420 J is consumed in this process, which
amounts to 7O1 of the energy of the condenser.

It is possible to estimate the acoustic energy, emitted by the
di•;charge, accordin,- to the amplitudes of the compression pulse,

emitted in thc direction perpendicular to the axis of the channel.
(An osci]Jcl]orim or thi:: pulse for a distance of 100 cm from the
c,!kr,n,e] i .:hown in Fit,. 2.25 ). For thin we shall mokc use of
fonrul 5. , u�sinZ r, (;au.:;1ar. curve with T. a 0.7T, where T Is the

dt-jtioru of lr;e comr,':;::ion pul::c, approx rmatoly equal to 18 ,sc:c,

" v I ::' ', " ". 2.25. 'Itrr; for



16 atm, t =10 cm, r = 100 cm, we find Wac s 100 J, which

amounts to around 25% of the electrical energy released in the

channel. Measurements of the pulsation period of the bubble formed
by this discharge gave a value of around 16 msec. If we use
formula (2.6) for determining the pulsation energy, in spite of the
fact that the length of the channel in the given case is great in
comparison with the radius, it so happens that this energy is
approximately equal to 300 J, or 70% of the electrical energy
relca•c:d in the' channel. At the same time, in the case of dis-
charges initiated by high voltage breakdown, the acoustic energy
amounts to 15 - 20%, and the pulsation energy 25-30o of the
energy released in the channel.

Let us examine the characteristics of the method of initiating
low voltaige discharges in poorly conducting water, based on the use

of a preliminary high voltage breakdown of the electrode gap.
This method is knoan in high voltage engincering as the combination

of volta.ge and current pulse generators. The difficulty of using
this method for initiating a discharge in water comes down to the
fact that switching on a voltage pulse generator should cause the

breakdown of two parallel electrode gaps - one in water, the other
in air. The breakdown of the air gap should cause the current
pulse generator to be connected to the electrode gap in the water.
However, the lag in the breakdown of the electrode gap in water
significantly exceeds the lag in the breakdown in the air gap.
Therefore, it is necessary to use switching schemes which are not
sensitive to this difference in breakdown lags.

Fig. 2.26 shows a scheme which makes it possible to obtain the
high voltage breakdown of an electrode gap in water with the sub-
sequent connection of a low voltage condenser. This scheme
oper;'.tvs in the foflowitr, way. At the moment of thn breakdown of
electr'ode gap I under the influence of the voltage of the voltage
pu.;ke U(:neo1';to(r (C1 ) Lheir" appear,; a sharp rise in Lhe discharge
curr'eit, whicA enu:ze:, thi(- %ppearamce of a voltaire surge at the

,J o ." tY!1, : . t" : ' r 2, J , irL.:'.... w.indI h•r of which is
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Figure 2.24. Osci.llograms of current and voltare in the
case of a dischirge in water initiated with an aluminum
wire.

Figure 2.25. Oscillograms of the compression pulse
emitted by a discrhýar.ge with th.. electircal charauLeristics
shov.wn in ?2;g. 2.24. Perprdicular direction, distance
100 cm.

ccnnccted to th'n volti'r. pulse r;,ýnerator circuit. The voltage

surge is used for igniting the discharger 4, connecting the low
volta.gc cornz,-Y.:er C2 to the discharge circuit. The choke 3 with
a saturable core hinders the appearance of a voltage surge at
the moment when the voltage pulse generator is switched on. when

coron¢¶ discharge current appears in the discharge circuit.

We shall now turn to an examination of the principle of the

initiation of low voltage discharges in highly conducting liquids.

As w•n, mentioned, this principle is based on the use of the break-
down of an ele.ctrode gap along the gas bubble formed between the

electrodes by a prelimintry corons discharge on a third electrode
inserted into the electrode ge.ap [51.

Let us find the amount of energy of the condenser feeding
the corona, difr-h-arre. rfr thr2 Ifcnr-th of tic electrodc gap is
eCu~tl to t . ' if-1 th ' :I'.lius R of the bubl]ce, formed Ly the coron.,
di:;eh.r;•. ,mw,:: i'•nr~h a v!11u1(e' of 1/2 at th, n mnmnnt Li when the
"po;tr',. caUI,:,::r~r ]a; .'iltched on. Sinco iUL is conjv'.nint to r, '.rt.



dloxchargero in a solid holder, we shall consider the motion of the

initiaLing bubble alonr; a hard wall. In this case it has the form

of a hemisphere, and its potenti:'l energy at the moment of reaching

its maximumr, radius R, is !; connecttd with the energy of the condenser

E, feeding tlh: co'or;.a, by the rel-tionship

2
q. (2.7)

where p0 is the hydro.:'-ti- pr(-ssuru; nb is the ratio of the

er.rt .' of t.i.; Lubbc to tic e.rer:,.y, ef thf, condenoer. As ws

mnentioredi in S:c-tion 3, this value reachc., 6;, if ttie water has a

salinity of le'eral p:'..ent.

Ign i t i on
/3 *

Fiý,r: 2.26. ".'".'. of ,t iz:.. . circrit with the une
of p.;. i -'oit'. 1..'akcIc,'..m cf the electrodL gap.

Figure 2.27. Pzrp..Y.,4-nne of -
bubbi,, rrvdius on time.

to.' 1 .1 . ,

The pu.,-.tion of a bubble for the case of a

dizr.�' in tr•"•: " is dct;.rmined by the relationship (see
C :• ,: r I.-)

(2.8)
If" t!.' ,i- .:. 11. I.' t::.s pl '.e, a,]o.r",, :t ::o! id w:,]], then ir -- 2



For a rough e-stimate the law of the expa,.aion of a bubble in

water m;ay be approximated w:ith the formula

S- b s (2.9)

where t is within the limits from 0 to )/2.

By using this formula we find the amount of condenser energy

E. necesz'iry for feeding a corona discharge capable of creating

bubble- of r-diu:l R at tho moment of time t

., o(2.10)k"•-i/ 2.'. <'--I' .

T1,c nthod of initintinrg dischrges under consId&..ation is

little s,.nsitive to hydrc-static pressure, since the butble radius et the

initial sttge of growth is verj slightly dependent on the amount

of hydrort-.tic prc.s:ure if the pre-ssiare in the dischargc channel,
creatl,: tc bubtl , Is Crenat in coyrparison with the hydrostatic
prcusurr, (sot. Chapter 4).

In order to compensate for the reduction bubble radius with

hydrostatic pressure it is necessary to increase insignificantly

the energy of the condenser feeding the corona discharge.

As an example, Fig. 2.27 shows how the relationship R(t)

changes for a bubble, formcd by an explosion, in the case of
increasing Po fromri I - 40 aitm (curves I and 2).

Ira the figure it is obvious that if tI < yb/2. where .b is the
pulsatLon period 1:ihore pO 0 -40 atm, Then R(tI) actually decreases

little i,, the cr, ze W" an increase in pressure from 1 - 40 atm.
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CHAPTER 3

PROPERTIES OF THE MATTER

IN A DISCHARGE CHANNEL

1. Introduction

The processes in a discharge channel and the properties of
the matter in ii are examined in this ch.pter. Experimental data
on týh. clectrLcnl characteristics of a dischargc - the currents
and voltagsco in the discharge depth and its resistance - represented

for typical cases, making it possible to determine the conditions
of cnrr.r: rr:.•.r'- in the channel, that is, the characteristic
tL! :•d cner;.> scales of the phcnomcnon. Basically, this mono-

ri ..... t. dischnrv,'s in which energies of several kilojoules
are relcased for time. of tons of microseconds, which corresponds

to a p-)wer of huandred- of" megav.watts, and orly francntary experi-
mcnI. data cy. d--,. :f:.., corresponding to other energy conditions

arc p, sý-r.tezi, althou.h O'he theoretical information given, within
the framev:ork of certain limitations, is applicable to a wider
class of cases.

Experimental data on the expansion of the discharge channel,
obtained with the aid of high speed photography are described.
These data make it possible to determine the rate of expansion of

the channel, usually corresponding to 104 - 105 cm/sec, and, by
using the hydrodynamic relationships in Chapter 4, to find the
prer,.:ure in thu discharge channel. In order of magnitude the
pre:;-ure in the channel lies within tho range from several hundreds
to a thousand rtmozpheres.

Knowing th" mirrount of resistance of the discharge gap and
the r:L.Jiiu: of tV,- charm -I, it io possible to estimate, considering
th: ,'-!nrinel t,. tv unrifor:, and ifgnorint, thV irtflu,'rnce of the areas
rir',r tUe el e: hLt,:; , th: conductance of the. Cas in the discharge
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We note that Lgiven certain assumptions, it is possible to

estimate the temperature of the gas, according to its conductance

at a certain pressure; the values thus obtained agree, as is shown

below, with the result of other experimental studies and theore-

tical estimates of temperature. These estimates show that the

temperature of the channel is on the order of 20,000 OK.

Information on the properties of the matter, occurring as a

low tvmpcerature dense plasma at the pressures and temperatures

found in the chanrhel of an underwater electrical discharge, is

presented.

Wc present estimates of the relaxation times in the plasma,

which prove to be small in comparison with the typical time scales

of the phcnomenonr, which signifies that the plasma may be con-

sidered to be in equi 1brium. This makes it possible to calculate the

vompositicrn of the p a•sx nrd its thermodynanic characteristics,

in particular, the proper energy of a unit volume.

Also, we prescrnt formulas for the kinetic coefficients of the

plasma - the coefficient of electric conductance and thermal

diffusivity , also considering and comparing different mechanisms of

thermal conductivity - gas kinetic, electron, and radiant. Convec-

tive heat transfer is not considered, although it, possibly, plays

a substantial role. The coefficients of thermal conductivities in the

colder layers of vapor and water surrounding the plasma of the

channel are estimated, which makes it possible to estimate the

energy going to heat these layers.

The information and estimates presented are used for drawing

up an equ-ition for the energy balance in the discharge process.

2. Electricral.:hrtrterizticz of a discharge.

In .: cc:ion w hzi hatl conside r the electrical chnracteris-

to !
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time dependences of the discharge current and voltage in the

channel, the time depcndences of the resistance of the channel, and
the power and energy released in the channel, that is, those

characteristics which may be found by electrical measurements. We

shall exnmine the electrical properties of the plasma in the
channel - its conductance - after prcsenting information on the

expansion of the channel.

According to the resulLt of oscillography of the discharge
current and voltage in an electrode gap it is found that the

resistance of the clectrode gap as a rule, is quite great at the

moment of formation of a channel, if, of course, the appropriate

method cf initiatl:n is used. In the case of high voltagc discharges
with a r:r, n volt.--.- of several tens of kilovolts this resistance

is on the order of .102 ohm for electrode gaps 5 - 10 cm in length.
For low voltage discharges with a working voltage of several

kilovolts a•r, an 'rce:troie ,-p several centimeters long, the resic-
tunce of tr.• a; the mcr;ent of forn.ation of a channel amounts to

crouni 10 oUr. Aftc.r the formation of a channel its resistance
drops sharply, reaching a minimum approximately at the moment of
maximum currcnt, and then increases when the current approaches 0.
The resistance of the channel drops, in the first place, due to the
increase in the t:mperature of the plasma, heated by the discharge
current, and in the second place due to the increase in the cross

sectional area of the channel, expanding under the action of the
excess pressure in the channel. At the end of the discharge, or at
the end of each half period, if the discharge is oscillatory, the

resistance of the channel increases as a consequence of the cooling

of the p]azza, alt}-ough the cross section of the channel continues
to incrc'a-e.

The bch:-vior of the resnistance of the channel durinG the course

an dizh'- ; is d.' ,-Lerrminel b;1, r.any fictors: the inductance of
Lhr, di.:ch cirwK',., the ctpy'citance of the condenser, the

;,r.cur: t C~f" it.} I : A i , tin, rln, Li of the clectrode ganp, and the,

"a. .. :,: ,-'-~ "" . :1. •. Tl'c e'r).i cLiori

I\
@ ¥,
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between the resistance and the above-mentioned factors is complex.

We shall illustrate it with specific examples.

First of all we note that according to the nature of the

current flow discharges may be aperiodic, if the direction of cur-
rent does not change in the process of the discharge, and periodic,

if current oscillation is observed. This brings up the concept of
critical discharge, which is understood as meaning the limiting
aperiodic discharge, which turns into a periodic discharge with a
further rcduction in circuit resistance. The effective resistance
for a critical discharge is equal to the wave resistances Ref

We shall begin our examination with relatively low power

high voltage discharges. Table 3.1 presents the values of the
working voltage u. condenser capacitance C, discharge circuit

inductance and lenL'th of the gap t bctween a positive high voltage

electrode in -he ±"oryr of the end of a type RK-3 cable with the

outer insulation ard braiding removed, and a grounded rod placed
parallel to the cable.

TABLE 3.1

Number of
Discharge u. k V C. pf L, p H i, cm

0.4 3 1 4.5

3 * 4,:4 4.5
4 3(1. 3 2

Figure 2.10 shows oscillograms of current and voltage for

discharges Nos 1 and 2 (Table 3.1). The oscillograms short that the
voltage on the electrodes after they are switchpd on drop slowly

during the brcakdowan lag, corresponding to the growth of the

Jeaders. At the momunt when Lhe electrode gap is closed by one of

the leadei-nr the voltape in the gap decreases sharply. This sudden

p , J-,,-cf c eu

S. . .. •* "'• ! ... , ' "., ,'. • , ' °• ": • er •• t •, c rcV



arising due to the sharp incrcase in d1scharre current.

Lrter the voltage drops to 0 aperiodically. The behavior of the

channel resistancc, found as the ratio of the voltage of the channel

to the discharge current at the corresponding moments of time, is

shown in Fig. 2.11. At the stage of leader growth, the resistance

of the electrode gap IL approximately equal to 102 ohm. After

brcakdown the resistance drops to several ohms, and at the end of

the diccharge a rice in resistance Is observed. In the case of

sue?. higi co,,rnnel resistances it is possible to ignore correction

for the inductance of the channel.

With an increase in condenser capacitance, the resistance of

the chW.nnul drops to lowver values. However, this does not change

the nature or th,, dischrrge - it remains close to cxiticpl. This

mc-ne th.kt reduction of the mean ch.•nnel resistr-nce with respect

to time takes place approximately inversely proportional to the

oauý.re root or the caopenitancc-. Th~r duration of the current

pult-, if othcr" .,,r-.T.,ters of tne circuit remain invariant, in-

cre;isez prornrtional to the squre root of the capacitance and

approximately equals a value of w/-LC, if the discharge remains

in a close to critical mode.

Iio .too J0

BV

S~~~1 D 14 5C q
j to 141a $c scc

Figure 3.1. Time dependence of the eriergy (I) and power (2)
for diz.charge No. 1, Table 3.1.

Firurr 3.2. O:cil]orrans of discharcg current (i) and
volta-:c, (2) for n di;charge rNo. 3, Table 3.1.
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Figure 3.3. Dependence of channel. resistance on time.
Discharge No. 3, Table 3.1.

Figure 3 .4.. Time dependenr-- of energy (1) and power (2)
for discharge No. 3, Table 3.1.

Curves of the powcr and energy, released in the channel for
discharge 141. 1 (Table 3.1), are depicted in Fig. 3.1.

The influcnce of irductanne on the bcehavior of a discharge
may be determ.nied acccr-d.nt:-: to t1h- occillo1grams in Fig. 3.2, tatken

for discharge i'Eo. 3 (Table 3.1). An increase in L does not cause
a chunA:e in the breakdr;n >.-g, since the drop in inductance voltage

in the process of discharge initiation is small. The time depend-
ance of the channel resistance for this case is shown in Fig. 3.2.

Two factors stand out: the channel resistance drops in the

discharge process less in the case of low inductances, and passes

through a maximum at moments of 0 values of the discharge current.

As is seen in Fig. 3.4, the introduction of energy into the channel
is slowed with an increase in inductance and the electrical power

drops.

There is a practically complete transfer of energy from the

condenser into the ch,:nnel in all cases considered, since the

resi!,t•.nce of the charinn,. significantly o-ceeds thu resistance of

the rc(st of ti: (! i'ch7r'-Q circuit.

L. o ::.: ir • I:., I, o e rrcr'tL~ into ,- dampecd o.cl I lat Ion curve

not b-ni :,, rc ''.-ir:• thQ ;nducLnc(! of' the dji ch-irv'r circuit, but



also by shortcning the .length of the electrode gap, as occurs in

the case of discharge No. 4 (Table 3.1). The oscillograms in

Fig. 3.5 show that the duration of discharge No. 4 significantly

increases in comparison with discharge No. 2; as a result, the

rate at which cnerery is introduced into the channel on the whole

slows down. According to the behavior of the resistance of the

channel (Fig. 3.2), i L is possible to assume that in stages corres-

ponding to mi Jirvurr power, it is possible that cooling of the plasma

taken place. Sometimes this effect leads to cessation of the dis-

charge []

Let u3 no-; cc:.sider the role of the. arount of initial voltage

using the ex.,p•e of cvvcral discharges with a constant condenser
ener.'-, aj;Droxim:te:ly equa.l to 45 J. Their parameters arc given

in Table 3.2.

Fig. 3.7 'Qo,; ciogr',ms of the dischar.e current in voltagý

for t)'.zke di17v.:z.

TAELL 3.2

Number of
Discharge u. kV C, 'if L, li ", cm

1 [.2 1 0.033
2 W iO.Wr) 3
3 21.2 0.2 3 2.5Is& 0.4 3 1.1

t o[ 0.9 3 0.5

With a rise in the initial condenser voltage, the number of

leadcrý; incrn,',i:;;. AS a result, the leader current increases and

the drop in cc~nr :.;c:r voiti."e durir:r the breakdown lag become niore

notir:eb.e. Tiic (,rn-rj Icft for f'ee.Iin;T thc channel decreases, and
thc shu:-.tin': oc !J,,. chro,,r!i b:,, *;tr,ý.',mY r currents in the dischare
pro :.ý.; i_]zo L i. tL i: dir,-rttion.
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Figure 3.5. Oscillograms of discharge current (i) and
voltage (2) for discharge No. 4, Table 3.1.

Figure 3.6. Depend(:rce of cha:nel resistance on time
for disciar.c¢ No. It, Table 3.1.

With a decrease in voltage the breakdown lag increases and
becomes unstable. Oscillograms showing how greatly the breakdown
lag may vary from discharge to discharge in the case of low voltages
are given in Fig. 3.7, e and 3.7, f for discharge No. 5 (Table
3.2). In order to provide for the breakdown of the electrode gap
it is necessary to decrease its length. The channel resistance
thus is reduced, and the discharge is transformed into an oscilla-
tory rmode.

We shall now consider the electrical characteristics of more
powerful dischx:.rg:s, the parameters of which aire given in Table 3.3.

TABLE 3.3
1'umbcr of
hi,:ch',•'e U, k' C, i1'f L, v! I L, cm E, J

I 6 15- ].•; 6 2811o
2 6 16r) 0.1 3 2970



These dit;eharges were initiated with the explosion of tungsten
wires 0.04 mm in diameter. Figrs. 3.8 and 3.9 show the electrical

ctaracteristies of discharges No. I and 2 (Table 3.3), respectively.

In the firures it is veen that the resistance of the channel
drops at the moment of maximum current to approximately 0.08 and

0.05 ohm. rep;,-,ctiv'ey. A certz!in rise in resistance is observed
toward the ev,! of the dircharge.

Th.- dur-,tion of the f.irst discharge in close to the value
, f--, and Jn the Eeco,:J dischai-'e it s'.,,.ificant1y execeds this
va],.. I vd' r.tly, the d,.'Zation of the s.,x-.d discv r•¢ could I,.
shor±(-,,.A without convci,-.on into "n oscillator'- r.cdc by.., decr.-asin&
thc: len-th of the charja ' . In fftct, the ,ci tical r(rintnrrit

,- . correcror-iin:: to trn mnvximu- rate of introduction of
energ, for Lt, first ciischargv -i- v.1 ohnr, wnich is close to the
minimum rcsi:ltatnce of tht' unannel 0.08 ohr,, while for the second
disc 1' i:- 0.'"2 !.:., "ic?. 1:: signi"',.rtly b2o: the minimuam

res .:',n:¢ ;7t-e CnJ.,. .0• oi,!7. Tfix, t',;, seccond di-s-aarue

is cont±oIlve L,, the oezf(-.tive r'esistawcc- cf the channel to a
si~a~lfic~t ..jce+.

The most powerful disrhareLs w':re invcstigated by Komel'kev
et. a]., [21. These discharges proceeded in a damped oscillation
mode with scvL-ral hrilf-pr:riods. The length of the clectrodc gi•p
was 12 - 15 mm. The el~ctrodes w,'e made in the form of opposed
coaxi;:] bras- rod-, poinLed at an angle of 25 - 300. The parameters
of tho dlsch;,rp,e- inv-t.t te:, a1eu also the values of the maximum
current I m, ratxt,:, atc. of current rise Iin, voltage at the moment
of m't.:imum c,.:rrr-rt and dur:Ation of the fir'zt half period T/2 are
given in Tzh)c 3.4j.
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Fgur, a.?. ,, of iish, rg. currents (curves 1)
anW vo3.. (cu..v 2) io.: d. chargr-v No. 1-5, Table 3.2.

TABLE 3.4

Number of UIm,
Discharge u, kV C pf I , ka I rI/sec kV t/2, vsec

M I

2 40) 1. at ,.1.t lip' I3.S

S2Y) I.7i, I*.,e 15.5

Fir,-. 3.10 . 3r~d 3.11 :how o-cifloqrams of the discharge current
and vo in,.' ., the Pleirn:1. gap for di.ch;rr-s No. I and 4 (fable
3.4). Foi por.;rul ui•:- -rFe' th'. corr,,ctilon for th-, inductive

.... (' /0 " " , i 'ieant. Evide.ntly, du,!th e ". ;:' . t ] ,'. .t r' ,. :.u : i , . L n e ( ii ",~ a r' 2" i re,, .... L V 1 OfiC I o
...... I 'F e'Lho. iri; v(!:tjue o thed by Kore] ' whov,

{:t ;, . , ; 2 ' I,: .J ;, :] .; '} c ,n L ::•,: t~l e ,..• ?: ,r v ',l u ( !u o r t h e b l"( ik d o v\ i -,
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Fi'ren- 3.8. Electrical. charac-

teristics of discharge No. 2,
T abTle 3.3.

oil Y'iJ,-.re 3.10. Osci 1lo;frrrs of
Idi.,ctharga current and voltage
* ~ ~ ~ ~ ~ o .,cmd.c;Ng o. 1. Tatle 3.14.

lag of from several tenith-, to se~verail tens of microeocorndo, and due
to the chort lcn,,:th of the electrode gap ceveral channels were
forincd at once, wHich then merged into one common channel. The
res;istarict of th'. c-harnno] at the mon,,ý.nt of maximum current was
around 0.01 ohia.

At tht' bc-Ciunirnr of tIsJI Lcctlon wemcnitioned thc complex
drep-nrd~rzr, of the. clectric-I charac~tcristics of a dischni-ge on the
parzlt%'A(r-; of the di crJhrt~c circuit. Jiowever, for en~tiumates iLi-
por:-:ib1r V') to j ULe~ cr]~tcrj;in-,pii he true order of

rr~i r~¶t~i: o ti i '- : Lli~ v~3 czehwr-oc~cr~zi, the di.~-
p::. fe tj: I.. f h' ! 2c.iri 1rI~ tir al Cote to critictl

.~r , ( 2 . *~' '1 I rI 1 )~t ~i'ipnri f t i r) pract 1 cr



respects), then the duration of the dischar-e T proves to be close
to the value w IC-, and the minimum resistance of the channel Rm9
is close to the critical resistance of the circuit 2 I--7.
Measurements show that the minimum resistance also may be estimated
in the following wayt it is approximately equal to the ratio of
half the initial voltagre to the maximum current, which in turn may
be found from the relationship Cu -Ir, T/2. From these relationships
the value R, proves to bc approximate]y equal to the value r/4C.
1% is .i,-y "- u •;in.ed that !..1 the cxperin.-ntal vnrOzes arc
in goed a-!rvcrent wiLh the vnlucs found accordin& to this forMula.

The 1:.iXir.u.:. rou. r develc~ped ducrn' a " i: e eterminei by
the value Cu"/', and the maximum transconductince is I 4"u/!2
Th; valu,-s %.u . ".ccordi:,- to t~ecc r ti,.r.iha a]so cre in

stipu-.tcz, i:: e c, t. critic, . If he lci:th of the c..nncl is
too troat, th-rn al] r nationshinnu pr"riýntcd above give correct
v', 1u-%-, i, - .,; 4,xp- -'r. ,x . -:,-nt. If the -ioceerse p-oceds

In e . " cf ecer-ilTit.an, then thte value of'
Pito ic :2ors to

OScil1o:r.aphy of the discharge current and voltage in discharge
channels With different parameters of the discharge circuit shows
that electrical dirc:har:-es in watcr may take place only in a damped
oscillation mode if the mean channel resistance with respect to
time is le:rs than ,/LC, or in a mode, -imilar to a critical mode,
characterized by approxinitely symnetricrJ curves of current and
power relative to thc TYtxi.-,um value. Thcre is no close to
apc•-vdiic 'ik.char-e r•..,- with a characterl.2tic exponential drop
in current ani vo]t,.--. in the cr.se of dl:c.har.es completed by the
forr:.tion cf ;. chrnr.,i. Such ai mode ,, ,.ur only in the case of
diz-'r;-'.-. u'oaple~t,.i by the Vormation of a charincl, which carn be
Cnft,'o1]o J .:,j thr bfIlvt re.-i:;t.,rice of tLY_. wvtelp to r sitnificant

dci %''." ,. 4. 1: : rt . e' .. di '* ',, L;C,' c~o::e to nperiodic. is

CO: .. C:t,,.1 V.'.i h t( ,r.,',: Lf:1'•: i(• C f L.IA I'*':1i;:L'n ,ee of th1( di ar: har''
',,. itI "..i: i.:i r"': roe:( ; by r p: th:,' , Iirou 1h a .inr:inui..

. I•' :. " " , , i. . ':"
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Figure 3.11. Oscillog-rars of
4h 1,,disharO g e current and voltage

for discELar4rf No. 4, Table 3.4.

Figure 3.12. Diagram of an
arpr-x:r.ation of the rov:er
curvel.

all Firure ).13. DJependence of
r•tc"d e L*"on tire. Ctr-':E

£ LI co'rcspundr-: .o foruL: 3.11
42 • I',E 4' Ia Curve 2 - to formula 3.2.

The parameters of the discharges
are given in Table 3.5. The
numbers on the figure desinate
the order numbers of the dis-
charCes in the table.

power on time is represtntcd by a curve of nearly triangular shape
(Fir. 3.12). as is seen in Firgs. 3.8 and 3.9' This leads to the

idea that in the cr,:e of rough calculrtions the law of energy re-
lena•, for all di,•chargces in a mode cloze to critical may be
-pproximrtLd with one relationship. In fact, if we introduce the
dimennior, ls= varJ;tble x - t/T and1 f(x) -. E(x)/P,, where t is the

dicch-iri: dura-tion d.termin-d accordjrn,; to Fig. 3.12 and •
th': tot1 ~rgyrf ' ),.],•t ied ,thin ML .!rrK , it proves to l.r. th,, ca.-(-

thA t tht Lhu.. nrr,:,:d functjo, NY ), char;:ctrrig th.- moe]c of

It %-i-i f! itt V



TPABLE 3.5

u~V ATCu 2 /12, Accordinr
u~V Cuf 1,'e L,111 t'j.90e! /sec E,J J 0c to data ti-

y~ io~; :; reference
~~~ 412u ,

b- 4 1:I 1.21

IS 6; 7 1 S .2,1

It J , 111

*~2. 0 3I' .23 1S

'n '¾nt va r!~t on 0 "' t!' ~1,d! schar'

r :~:: ~ _n c 1**,11. rwht Yji) Leon ot~ate(d,1. 3. 13
nhows th- .7> e:'iýve op 1the rate~d cenrry for five di fferent.
dl Sha rm--,. The r : frt*r I~ thý d~i zchurý-e?- are r'iveri In Table

3. 5. T h, f~~~z'~db'.,) m rfer to Vach di ncharpe are riven

In tlv' c:.roiu-::, anti In -1p ccotid, third, and f'jurt~h column3--
the InrAtht1 nr-ssr'. of' the its capacitan~ce and the
len't~h of* IATdl.-s C J r'cct.i',C I '

The r-11n-h wtri. e,, t~h I riduct~ir(!e , est.1im-ited accordi n-, to the
fr~ r I I ~~ r ~c~ic re I t., I I I yen l in the) - f If thI column 1

I) 'h I !: w1I V .rjI (ps~~~.'re L~a('din a c11schar'.-p
e'~~~~1C (-i' 'r~~e'(~ .): o--i -rnryz, a re rhown A n the,

:~'X'h nd' jik~i~!I~. h. c Orlr3et -I' 27ti (. ~J.II Us of' 1.1)( di rp.hayr',

1 ~~d,!2.,~2. r, .1 ~v, n h i th- I ('titti c~olh~ m rind

b~ :L(;i'''r,.; , rj; II '._.; , '.)( 111forr~n~;ion eni

I * $ uxq, iv ! 1 1 1 ri the --I f -w W.h



Oraphs of simple functions, approximating the actual dependence

of the rated energ~y on time, are represented in Pip. 3.13 by the

solid curves.
. tl.

Curve I Is a graph of the function

(3.1)

Curve 2 is a s.rnph of the function

* -T T .

The function f (x) corresponds to an approximation of the power
of an soc.e t"r :: of' nivit aron', a pro.•ection of the vertex of

i..,ch nn:.f. Ih- boie dlIv'," s it accordin.- to the ratio 1 3.

As Is se-n In .J,'. 3.13, the diffrence in the experimental

curves corre.-ponds npprox,-ately to the difference of the curves of

f(x) and f 1 (0). Cor-np.,,rin the results of a numerical calculation of
tho hydrody,:l,-.•.c ch-rac1xris1cs, obta!ncd with the use of f(x) and

fl1 W, It I.; possible to determine the der•ree to which *the theoretical

curve accurattely approximates the real law of energy release. Such

a comp-trir.-n w1ll b,.. n::nde in Chapte- VT.

Scetlon 3. !-xpnnslon of the Channel

Aflt.r ih-. cr.r,.ri p i,, n of k.h(. pro' ;; of InItiatinfr a dlseharr-e In

t 1inlo ld t..'-, apa..: a cha',ni,] fll(-] with partlally ionlzed .as.

71j- Inlt.1o, fr".* of' fl;. ehnnn,] is dIs :tcyT:ined by the process of Init.lo-

1i,•:. T-i the - a:,. rf 1.1- r Ilt. l I, 1, of' I:h~ ir;'e. by the h•,,1 h voll,''!"

kt'v. '.K'"',i,,. f ," ] I , h,. ],,ii 1:I 'rm,- of tho hhcji -irrl Is doterm-izv'd



by the form of the leader closin, the electrode gap. In this case,

geometrically regular channels practically never appear.

A channel usually haz small scale and large scale distortions.

Fig. 2.2 shot:s photorraphs of channels, taken by the self-exposure

met.hod. Thc* initial chanriol diameter is on the order of 10- 2 cm.

In the c'•ze of low volta:o dischari-es, the Initial form of the

chaiiel Is deter.inrjed by tho ma-. bubbles formed on both electrodes,

if they anr' .vnmwetric;s1, or by one Pas bubble on the high voltage

el('t.rode, If the cenonstuction cf the dizchnrrcer 1s asymet--ical.

In thIs i In cowi':r-. to h -h voltl,,c' breakdoan., the ilntial

_....% 2:r.h of the ch:nnel are cloze In value. Onlb in the

Scp.s- f in ! t"i.rt~n dischargcs with wire brid-es, by breakdown aloni-

4 a ras bubhi. -'cr:ed by a prellr,Anary corona disehar,:c in the conduc-

tir,.- lqu!i : ,nrl by bre',kdomn 1y p:irallel electrodea, a deserinption

of h*whim .- , -. ven in 8ection 4, :may 7conetr.cally regular chan-

..........,"."....': , he fi :*" ea ,--in the for-, of' a ri -:h, c'.l1n ric
.h *--" " :, in th- second ., t:trd Nes--nr the form

of a h- ',.- a Ir-:e in th... cares dscharges u:,ually are produr'Cci

,; • r . -.l -. , 1:. h 1. ch ih the- .T '.:er in :;,,urj`.cd. The init.iai

diareter of the cbai..l In the case of Initiation with wires Is deter-

mired by the d1a:r-et,.r. of the wire, in the second case, by the diameter

of the Init.atln-r bubble, and in the third--by the width of the inter-

electrode c2earance.

The pre-ssure In the charnne rises arid the channel expands because

of the Intr.n.rijve heat.inr. of the pla.,na by the dlcharge current. In

the prncer:" of exarmnsion the channel boundary may be consIdered to bc

:Itpo,(,trab]l, for the Li]quid. This doen' not mean that it Is possible

t.o i::nor',,! c',:'vI'ut.jor (Xf the ]]rquid in exnmlinlnin the processes inside,

0o.;.v,'n , ;:-iI :".. tie,: ba': .'¢,ud (of" r0.1of d hydrodynamic expansi(on
i, di.. ......... 4. . ¾, , 4 ;',UII(1.1,, 41). ' H ,Varo tii' r i i iii:ii'n li'CrO.

1Ii I",,"4 W. ,'i./1] 1 (¾":.:"l• 1.1i.h , vol ii::x:..: n rl ! i' 'wV or1 t." i u. I ti" li uid flli

i.!, ,"ti.'• •,.I ')'}.' (r.*P:, /p, ' 1 '. (;, ,fl8* n~ t i.' r'li',ri''~I hr:;i al l]; is, .p l;



In dt-svoc~niat' water runlecules arid heatInj,' gas (see Section 5,
Chayter 3). Then, It' 1) Is the' dho~soclatlon enerry for one molecule,

the enerry described by the following formula Is required for the

dinsociation of the molecules In n mnass mi of water and for heating

the nmonatointe I-n,; foriw'd:

-No (D)+4 - ) (3.3)

whcre, ji is~ th:, ::1ci vwinlht. of w.ater anj N 0 In 1the ,1vofrdro

nut'bc.L

Assur,'nf thait all the ener-gy released in the channel [,oes to

10r 4c~ ed , w, f~ I rid

iN v Ir.. 7il 1' .10 J, 1 1 K0efidn=

:1..- vou.. -~ of* ti:! -~ EvnO. 1  In thhn case e cr)Ils

n10 rw , : ýj.1 4 h- -;rnlu ce of t-ý- chanrlr of' such P. dischar-o ar:ounts

to t-vei-il c.Aý-ic con*T~-.es

Judfginr7 by thc,'riow.. of the discharge, the plasma fills the

IV I channý-l quitle unij~formly In the procezz of' exruansion. Photogranhinrg

thz channrel throu;-h a slit perpvendicular to the axis of the channel

*with a htjh spc.-cd ph&.ro,-i'aLjhic rccorder arainst, a background of

Intensive illu-!ination shows tiiat. the plasiwa separat~es from the

chniii(l w,,A rnl ý,t t~hf- end of the~ diseha'zr e. -is. 3.14 arid

3.1"', nhcow phr)l o.;parinh (if chaniv!'1 taiken :jalnst a backrgrourid of a

flpa-.h bulLt;z;.nt ~a U1a1'£z u~ind of* a '--econd dizchajrr-e identical

lo 1.h.-, on- '. I rive '4 . Th. t'rIacr i of cold raUs between the

1 u ~ *~::A n ý ini thfr, w.Aflip fdurn nit entire dlscharre Is not
:;'?.if ¶ r.:'<r~'~ .TI-(.'9r1 nr-ti~e":ible a Vter the e-nd o"f

Sh- d>';.--!- *--., .' .-. n :~i .* in-nr i-:1th the pfcr! ohery of 11he

* I '~K . ~ *. 'i :-I ol~ * f* ]co*:er I 1it:0-ionli t.y Irld,

(."'..f !~, '' .'T '.I';C. 1 J() r.:.1ethe ch*..nnel



overall egreator lumino.l t.y.

PFows of cold ras from the channel walls may be the cause of

the appearance of nonuniformity. Such flows may arise due to the

instabilit.y of the transItion layer between hot plasma and water.

It is difficult to take aecount of this factor in calculations.

Therefore, in choosinr a dischargo model below we shall consider

the plasma to be uniform.

Tne shape of the chm',!ol at the end of the discharre and its

diamrot-r alth a 'ivern l(rn(th of tL., electrode, r;p aro ]eterm ned

by the durat:ion of the dischargrc and the a'!ount. of energy Introduced

into the chan~nl. The lon;,er the dIscharre and the .o.e enerfy

Introuc1u!,, the -reater is the radius of the channel Rnd the

the ufic:-.::e fc.. of the chunne] Is to a sphere, even If the

initial form of" t.he channol was close to cylindrical. If the

iflti;'I. flv:t of0 1t-x' cha,:,nl had c.hc:rlza] sy:nr-try, the ultr.:;te

for!.;, ,;;ura'yi., 2tai.,8 th!is syvn:,<-1ry. Th,.- dependence of the

har.':•.c' ,:i •,,i rA-ius R0 on the discharre duration T arnd on

the amount of en-r-.y Introduced Into the channel E may be found

approximately from the following considerations.

If R0 is the characteristic radius of the channel,

reached over ti:,'e T, theri the rate of expansion of the channel R = U

In order of mqar'rjudv Is U - R0/T. Then, in agreement with the

results of Chapter 4, the pressure of the liquid on the walls of

the expanding channel at subsonlc and near-sonic speeds of its

expanolon is esti.mated by the form.ula P - poR2/T2.

Further, the intr'in.-ic eneri,,y of a unit volume of plasma In a

discharie chahrmcl, as is, sthown in Section 11 of this chapter,is

deterzncd Ly t),,: or:u]n P/(y- 1), where the effectIve adiabatic cxpo-

nent y 1 .2( f*r 1] sch:. .,e' in . her.
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Fir. 3.14. Photogi.am of the expanzion of a discharge channel.

Fir. 3.15. Photo;-rarm of the expansion of a discharge channel.

Then for dischMares, the shape of whose channrl is

close to spherical, the IntrItisic enerry of the plasma In the dis-

charge channel is determined by the formula PV/(T -- )m ,(I4pe -s)/(a-- 1).

In order of marnitude this enerry is equal to the total energy E

released In the channel Ft thn end of the discharge. Hence, the

radius of the channel at the end ef the discharre

n~(In~(i'-1 T ES (3.5)

For a cylindric'eal charinrl 'the intl'irlnic enerry of the plasma

X *- .. . _



R (T - O'C 4, (3.6)L (:.A"m'J (3.6)

We note that. i'ormulas (3.5) and (3.6)' will be obtained more ri-

gorously in Chaptucr 5 in a calculation of hydrodynamic models of

discharres.

By using forirulas (3.5) and (3.6) it is possible to estimate

the char.ac:t'r..:..stic rate of cxpansion of a charincl and the order of

nia,ni.t.udc, of tie pro.ssure in a dischar!e channel if the energy

E relensed in the discharrc-e chrnrne] and the tim.e of its release

T are kniown. For exam-,ple, for the disch-jr:..s, the parameters of

which arre riven in Table 3.5, the eharacteri:stic rates of expansion

of the cha:nnel prove to bc in ace:c-ent with the experimental data

on the o'>or of l,! cm/sc:c., and the pressure in the channel--on

the o'dfi' of' from sc.veral hundveds to a thousand atmospheres.

An e.*noritrr . in-i,::x•"at..on of the expransion of the channels

of ljLh ,olt.=, d:irr .. h a chý-.nnel lenrth of 5-10 cm shows

Oliat t!-he -.it.-o of t rcŽ -ad3' of th chlinre! to Its lenrth at !,he

end of the disch",:>-e remains less than unity if the duration of

the discharFe does not exceed several tens of microseconds, and

the enerry released in a unit length of the channel is several
kilojoules. This is in good agreement with the estimates obtained

accordn7 to formula (3.6). The rate of expansion of the channels

of such dischar,.;TPs is nractically invariable along the channel.
However, if the ]en.nth of the channel is short, then substantial

chang.ez in; the ra e- of cxyJo-jion of the channel along, Its axis are

observ.d. Fir. 3.'16 shows a, photoi.,riph of a channel at the end of

a disehr~i'rm of 1'Vi If, capzacitance w:ilth a vo]ta,':e of 61<V. The

]et,-t.h (.f' th;1 in l i:,l ; wl rr (r:aiertialt--;um!stcn, diameter 0.04 iim)

iS arc,urri 3 C1:i. ','iJ ( hi t -' ! r,-c- of the d'is.hnra;-e circuit Is approxi-

r::i I.e"]:y O~'1 1., .O . 1 . i-n the hrctr,-rapl- it.t is obvious that. the
:•;•r't r :i ' ¶e •'jt :' ne1i:•• n°,'t• t!ir' el c ."l. °od,'.. expandilied ruore'r irutenis,)]y•

i •:i{;;i~l.|!i :l 'i.,i:.~. f• j'r,< Ic, Ii . Q1. ~ :nn'1ll. . A plt,:;s:;ilui,: o.a-iils of

- Ii-,-o



3 .1hol.otrvnph of' a (i scl-tr'i-c chnnrmel.

As a rc;;,ult i;hc, plct-urr., lo: th'- sr-,:,c, as if th'-re were tvwo cloce'.

Thetir dr'rc1n of the ra'iius of' the channe'l in the
~ tr ~ ~'rt apr ::Y~ion Is lineara . c-.

)or C.: 11~c '11)1 7- a n!'. rl 10), shown in F Ris 3.-17
and 3. .

-SOCtic'inI Conditions o!' fjas Eoutlibrium
Tn the D-ehoiarl.e rhnnnel

The rapid r-clr-asf of eneri-y In the channel of an electrical
dischari-o( In a liq~uid >mnto Intense hjeutlnr- of the matter In thc.
chant.,el arid to c-vapcovailon of' the liquid from the channel walls.

'J~~Qritrlsrof, parit. Ic' , in the Outtritic.1 durn nr, the disr'hnr-,o
inerc iO~7~(*~bIp. jr- newly evjnOr.r1 tj.1:!- 17l01ECCU3Cn Of liquid are'

t ~d , 'I ~c rid fiCIon I7(ed . As ai re.,;ull.th'i I.-. for~i-ri
in 1v 1~2 (V~t '(iYflrI t t3-flno loa hri ir.v,,1.ure rlg~ithe teLi'~1

2 t< 1) .~P:2 ~ to, Ii ir1~ of ¶;hcý fi rntl

-*1* ivi *~ th. 1:' Ic; (.wr

'VI



(the flow of current isually las;to 10-6- 10-4 sec.), it is neces-

sary to consider the qiwstion of the gas equilibrium in the

chartm], In other, words, to determine whether an equilibrium expan-

ion ofenergy accordin, to deigrees of freedom succeeds in being estab-

lish(-d. A detailed examination of the relaxation processes in

gases is given 1n referrce 1 3]. We shall rmake, following referer, e C 3,

F1,.;. 3.37. PhL' r c the t.' o n o" lsaharr, ch...n.l "

Fig. 3.l-. Phoitc:rram of the expuinslon of discharge channel No. 10.

an er.1 imat:e of the tirre:;ez reiuir]d for the establishment of a M-.axwel.-

lain d_.st.11Yut ton In at electron ras, in a gfas of atoirs and of ions,

and niso of the r-maxat•,rn t!.-c,5 of the processes of diszociation
and ic,i':at'Lo,. All nmw.,ýrIcai e:;timates will be mrde relative to
discV2 ,'=.:. In 'h:".t-

'I'h: th : i w u r,-,e f'r;r th:v E,..1 I shrie,,t. of a Ma xwell di.stribu-
t I ,f, of i '2~ .: . f',l: 8 .:C'OV'd, I te 1W' :?JOcdv oharacterizinz,- the estab-

1 ,1 1" 1, t..;!' In1 n 1ir t., r a dI tevrt l ried by tho ti[ e(.

Inr tli. ' rn r': ', ," whl~ih ¶.e k net tc en:rr-y of ri electron, av. the
":' . ",' • . ... U- t ," '..,, : .... h O th' r 'I tror •:; i -' ch:a I. .d hv

T •.



;I In 3.Nn, lot A
lo (3* 7)

wherec n0 ii. the', tur~bcv or' vjev,,ons Iin on(-- cubic centimeter, and
thc'o )C~] ~ "CouloA 1 ~i2oix!fiIs express~ed by the formula

Jaa Ii.---Z-- J1i,4,2-101 (3.8)

1F'ur t~ht' T. r~m0 t"TISV of~retrc~ dis-

Ciji . )1-O1 r a.-J r . 0 see.? thot Is, a t.!dxwoP1

n -!-' nr4-. o' .-n *.tr-'.r:.X-

d ' '' Is r;.':~v tc rv:'- thv *-"r,1 (3-7) used be2C-:':
has also tiwr c:- ressic,-'.n dr.Li Coll~sions betv.,(en char.'ed pe-r-

1 1. ~n '.' * rc:. ;Iitt - (-, o':: c"~in ~ ' ~
t~jw C.xc a' 'Io;ot derj:ie I cu; tc'r-irai~a.urc p1 anva fort:;-'d In

1.r - oilA -n C r41 !rlA 11:81'!

dSS (3-9)

w~jr--' n Is fj- r P n.,ir'. . .1 rIn a unit. vol u-ic-

S ~5 I'i 1 4 ~ 1msc 3 10)o'SC

I., tfj'*-' h r~'Ir or' :.h i i. votion, a1 is 1-Y-' ras kI,''tlC
I ji cN -A r)' y~~,I I 1uci Ip t lrw to n (1

A( P,1110

10 
o 

~ :T ': *It ribt ~



T'he equal1I :at lon (if the electrion and Ion (or ga kinetic)

tempvrat~urev3 t.-thea pl:ct-S; much more' slowly. As a consequence of'

the- sliv difPfetr.-no.! In t he mari-sos of the' electrons and atoms

(or ions) In the enst of' tla.-tlc hIt~errjctlon they are replaced by

an eniwrgv amount irn" to az strall pvcportionzt1 ratio of their maisses

or fraction u)f theý ýdcternor~jy. Theref'oro, for a s~irnif.4'antt

exch:Ai;e( of onri "1ez L-ctwe'.nl pai'cI of' diffc-rent rn'Is3 they :.nust

unlici'g'- ,.- 11 :cw the order of n a: /,!P Collisi ons (,, aIs the

-iýr.*i' anr atc:o !, o tli .iie is.- of' an elecet~ron

Ct's:;i ~ Pt.o~iofth,- f o Cet-c, 1.,; 1" -.0we',2 in [.3),Lt 1ad

I o th i; c: vfor:':,ulti for the i ae rv*iu, 1 rd for e~t~ab11iThI n7-

Ci~ ) :' t~: ':~:.in e''it-orcri !'~nlia of hertvM, partiel'-r-

x,7 In A

wherc j I.- tw n~ru-:tbr-r'c' of e ons Itci e,; A Is the ator:Aic' weig-ht.;

Z I s t~'Ionicehrr t he ('WI .r!mbi(,; wi Is~' 1 deter~lifed by

r.21 to'1 tm&j( )

* . - . . . . I-. I'-'*



vlr 'c v,, 000 K, % a 10? cm3, ti, 4-i10 cm-3

the rc'Thxatlon t1%;::s ca'It'olated accomdines tov CcrMulnar (3.12) and

(3.1') ~ii'ovo to I)(- .oru-tt: for hyvdvcwnr T., Tea -100 Sec.2

for oxyic'n T e - 10-9 SVC , e - 10- sc.. Here the nuclear

c]C'Po-lrri 'e~bi r cros sO3~~ectilon prow.-~ to he eciual to

and for tho fl~U± 0 1 ;-t xy1.e!p is 't1a of' II I Clcturj ()II

Pt or!:, of hydrot-n andc. o.' vv vjv! n1 owl .cp s'ncdw tht

V! .- 3uc 1, 11 1 * C nc-c'II1n~ Il. th.h dNI-' ! f

o 0-2.1O 18 cm2  rroe)

C-0 !). .' I Io~ .:1-,?J 61 -, I'i f -,.. I f t?-, ~ 1.Ir

Li. 3J, elc *zj ccnen,.x.rQ '-ic s o" ::o( th t.as~2..

In r,

t* r tI r o ivli- o-u a f r t k

0*
I.+

vh'p re.c s*h~in ~ n ~ o ':1m;n 1ý' f'theru''f fno

!II C C:::I -- r il'1



we obtain: - ' '.310-17em2' Ve 7.7"107 Cm/sec., a e 3.3o

10-14 cm3/sec., -1C - 3"10-7, sec.

We --hall n,',-: exa,•ino how rapidly the dissociation of" molecules

'evaCpor.a 1r,- fro-; thet channel 'alis takes place. As will be shown
below, -ii vc'e:tur,'s ofm K Wat.e: i:iolecules are practically co,,.-plotwv ,i-::oc.I ,u'+1 (se,' al. o [5, 6O)

At. , the time required for the establishment

of equil il,'ium di:•-;ociation (,here 1- !'i) ofi: of. rmntucio,

?.i'v .b V "., a a "..-.o*.i:, to the foi'mu]f.

";d" "i---; "];" (3. IA5

n.
* *':2 " -'c: - n..r". . .Is th.n na

~ I k 1r, t vcK vcf ;-IS the ~ n:xtrota

SI,.ple cc, .i-m,1'ý:,tions [3l oard to the follo;.ingý formula for an

-.~ -. ,- ---

where v I t, :*•.,'Al tsprl r : -r cd of an atorm, determIned by for.muln

(3.10); v1 1 hr. - ,:n:..t ,: :c:±,.t",. : crvoss soction; r :s a

% i , : ro_ o.h' , .':... T, t.h . y )•, r ' ,r• dl C(n ,r::!

For, .... 0 :,; " 1' "• '•I:" 0-1r) e.-,11] -

S..... :,~ - . -. ]. .j , r - .6 .'0

.. , ' i,, * ,- 1..' , t .,i r or (I I * r, V d (If , .. ..s. .l ) lot; a , . ( ,"

2]• • • . •~. •i ,, 2.*i .,.2 ~



For hydror,(n

it.45.O 106IYc m,'soc, a - 10O1lms, r = 2.5.10" cm,

.:.,-z 3,7 m- 10-uli I!z;- 6"Thsi h'1 C.,

fln6 r, '. ]P c',..1O C.

T1I!Js it-. Is ol .Oiired I ihal- the ratcs of thie pro-:es:;cs c!' disociri-

tj:~,e *~'r -~ ~o~~1:~A!(, " the

I h

Sttater, .'h h'zI~t. rio.-.-Oblp xto cori:-cjer the pla-rnn In the rehannel

Sr~t~:.~,.(¾:'r~l :riof the C; n a DILsc-harre Mhznnel

Ti!-q ~u* ri 4 u vu r~f t h( J~~r~ :i~It. popsible to C-,'Ilclu-

Il'r' ', ~ '': 1r ~: '' PI'ir-ri shii1I cotir¶d'or t he preocc r

:,~~ l*, o:- I o!? I of Ir u, 1 1 A (b. o'Ih'?'J (

r. .::'- r,



evalt:'it ', the (conditionsr fot. cOWIplC'tL ioni:-iit tor or water molecules.
~Jvr':ly~wer,~1,1 conlsider' the decorupositl n of' water molecules Into

hydror:en arid oxyl-en moleculejs. The dissociation ener', In this

Process D - .118 tlV/molecule* 57 kcal/molce, the characteristic

tC)empert.Urt 1)/k ;a28,8000 K. The hydrof-en anid oxyi-cn mole,'ulvs

for;!!ej posseo- :w-ycit. bind in- enerri es. For 11.,T) 1-4. 48 eV/rnoleculc

103 k-nL/r~oje, P/1, = 52,000*K; for 02D =5.11 eV/rnolccule - 11.8 kcal/

niol , W)/ = 59111000K.

11.:ve ~ , th'.tliv~ er:(ýrr-y rcoqu ired- IYor thkv, dI ssocia. J o-

o f :: ~~~'e ~' j.'1hrc n it~ o~ -i s) 1 ~/., et

- c scs. Lhc!. of Et. c.,u e ro fc l acc.Cor'a!"

to 9..~. *.r~~.±~t¶on,'.n~d i.zi deter:-:z~cc!

Is ceiŽt t-, write t!--c formula obtn~inezj fronm this condition In-

the frv::ý [51

P (3.16)

ni
v~h' t., l~fL 1 h.;J C~rW('it.r-Z~tio~i of, the atomic component;

33
':0 /':,f~on ox~ -1 -1 ;je ; D IS the- (1isnociluilo

11 n l1' .(tre;;n. :..; th.., ve:'nfl 1~ of a erricu-

f.'./~- ('I F W :1.* ~ r~1mi ~ rr.din.-oclatiori

1, t v



place even at. tetrrz;)-rature:; of T"1D/k (see also the calculations
of gris plasmn-t coniposillori, made In 161.

Table 3.6

T. Oxj.u

1)1.-1 !.P* I - 55 M *I(hydrogen) (oxyjncn)
4 P .'14. 0,077

iz~h ccr'.xe C': n~~ ~'~ t s t a L.I Ca 1W'ýir0h1t ofr
the d~srOc4at,--i rtn'te, ~fetIi-the a that where kT<D

tho?.;1 t. :u I,- -!r-e*(!)0 tei:p of fas. partlelon
bcl'jv tr.-) t~r hi, f*r "t... ;t" frC a Ols] itributi.G P~ccordlrr~

For' these' reasons the ras proves to be significantly ionized
at tvt-reratur-'.- whleh ýrrc low in com~parison with the characteristic
IonJ7a'.ion terrner~jturr-c 1/k, wzhere I Is the Ionization potential.

In the ten erat.Llr'(' ranr~e we' are inter.?sted In, when only the
first loril:,.t~orj of aton~s is sirnIficant, the degree or ionization
Is d'-tar::.ined ',y t~h- Siha formunur in the forwni (se-e 131)

A 7'.c' k~(3.17)

!I..r' 11, , , n.j q re, tbh' num'ber~- c, Ot'ct rori'. , tons, and at~om-~ I n



isxa avv the stt.l~oI-Atcal ioin1c and ratomfie sumsi; I IL; the loni-

zatlion notc-t~n'i::; TI is the te~mperiture. Por oxyr~en and hydroren

in the t"vprat xme under convIderation, the ratio xi~ Is

close~ to unity. ALiturilv, in the care of not. too high tctnneratures

1 1 1,- ?pr'ox 1,I' 1.v ecluzii to the ratio of'" the statistical

i~~x~1'htr 1"'~ C., 6 r" and atn;o'Ic stale-, and these

I ~ .; i- ! , n m: :i ISI o ox;:cerI. The ionizatlIon

"~~~ou alcý nI'.n' k re clo-c arnd amly-oximnatei:.'
%; c. f - a c 91 C. 1

1! 10 .orc 0 ; 'h "a ('.3 on o''(

t hvŽ.~ ~ v. :~~½~-r.'forw t vp~c-rl wilt~es of' nart.1ele cone'--n-

73.

151) O 3.46.1w, 0,10S 1,00

21) 00)r~ 1'' -01 0,:1 1.48I n i im h n el o'
rioc'IK~ 8,1-01 0, 12 W~ 1.27lrwe hdo.m-xp

2'(1(' * 3. ' 0*o 9 : 2, 78-100l 0.(18-, 1. 20t ue t h

hi~ d!: . ' .t~t 'i.'nof' ''r;ri nptr'. Ichs provc-s to

"-- f' 'i0.-ifr ma1 d a

I I i c- A.l : -ý



I
may be considered to be Ideal If the energy of the Coulomb inter-
action of adjacent particles Is small In comparison with their

energy of heat motion, that Is, it Is necessary to fulfill the

condition (Ze) /1.0 kT, where Z is the mean particle charge;

r0 l n-1/3 Is the mean distance between them; and n is the number of

particles In I cm 3 of" ras. This inequalltv may be rewritten in

the form (see 13)).

x<•2.2. ,o' (-•) 3I/,,,'. f(3.18)

Tn the pl"sr:'i of d.schrr;-e. Itr a liq{uil usually ne n ~

19 1
10 ; T ft d .10 *I, Z - I, so tU;ha condition (3.18) is fulfilled:

19047*1 7 21.) The nresenc.( of Coulomb interaction betwccrn

P- 1'"lez:. ds3 to t, fact that or, the avera-'c Ettr-t fo.ce..

... -. ... .1. e1:ý- ty vs" u- of the fact, that each ion rrrc,,.,,-.s

. ' f r ::e." of the ot,)nS!.te sirn. Th I
attraction Influences the nzt-te of the fas in tro respects (see (3]).

On the one hand, it somewhat reduces the pressure and enersv of

the rar, in the case of a van der 1.-aals ifas with mutually attran-

tive particlcs. On the other hand, the presence of attraction

umeans that. an electron possesses a certain binding enerry in an

Sionl~ed ras, so that In order to remove It from an atom it is
necessary to expend somewhat less work, which also is manifested

in a reduction of the ionl;-atlon potential.

. The Lccoid effe.c:t is more perceptible since even a

s.i1 il co~rwet IrA. for ihc lossi Aý,atlen potenrti al, enltering, the expri-

1I'-W t,.n:I:; ,o a ji, 'rr]nI!,. shit ft in oi::ttcoa eau! llbi'lum.

.•i:h Il;c !.lye-Hu t .,;l .ethod it Is possible to cý-lculate the corrlec-

' .j', ! , ." l' s sI . .r'i ;u-

"-N

'I o



As is shown In 131, for a s.lnrly Ionized gas the correction

for pressure

and the correction for the io:lori potential Is expressed by

the fo'rmul a

al ,-. 2., '"",'"

ilo-.:ev-i*, wc. sh] us,'." . hlis. calculatio:- only In the easr• of

very s]lt-ht nonidea!',lt of a rs, when tAc Deby-e iad:tus Is lar:-e
in com par's:,n -.:Ith the m;•ean disn aarie hetwecen part2cles, w.,hi-h is
exr'c,:,se1 b~v . coidjthlon [31

n I. to (3.19)

:ho:-:. "Z is tb,.- :.,:.', •",•trt I e eh:.,r. "-

Hence, it follows where T - 20,000* K for the applicability
of the Debye-!lueckel theory it is necessary that the partic]e concen-
tratIon bue .,uc-h less than 1018 cr-3, while in a plasma discharre

the charmed particle concentration reaches 10 18-10]9 cM- 3 , which
makeýs this ap.r..ach untcceptiablc,. It Is possible only to say th~it
the values of the dei~rv,, of Joniz:vtion of a hydrorfen (or oxyu:er'
plas':a•, r-iven in Table 3.7, are somewhat ulnderstated due to the
fact that t~h,, -r.ciuctlom in the pcc..zatior potential was not consider'r. .
Thb.< factor, h',Jv-r, is not s2-nti'ficant for the hydrodynamic theoryj
of Z dl .zw.i,. , I, 'i] ',;.,1 1 ter, irn vi•. oV the fact. that the cot,:.)-
tbuY.! .;::: o';o a ; _2rn ,:.:.-v t.o I., e-,,:'r; of" r irni-1 volumc, (if plan::')

i, Ii'n '. -7h0V. 5"-.j , ," sh l :wteow see. "! 1(1 thoir, fore errors. In:

j 'i !~ do !1l.' ! r1fl ()(,Ir a cal ciii ii

of* hi f

K .* .. ,

C., * -,- -: '.
<I



Part of the atoms nrid ions nre in an excited state, and

their number ni Is determined by the Boltzrman n formula

Nx -,, ee. exp( .OF)k. (3.20)

where r and r are the statistical weights of the Ground and

excited atcmic Yevels.

The total iium:-ber of pnrtiolps in a unIt volume of plasma

n n + ni + n + since in the case of si.tle ioni:,r, tion

n = . The intrinsic encrre'y of & unit volune of a plasma forn'ed

in th,- ense of a dischar-o p 'n i:,tter is co,.-.r)ed of the '° neti

Selncr, o thL t .... n.1:itJnai r~otion of partLcles wk = 3/" (na + 2'e )I,,

the c-vaporatlon ener.ry n ehare Devepp, 0.0e5Deva
vap 0.045 e/

1., . 'a!/r:r Ž I:: the ev'j -,2':ior, e -rer•.v o^ a ,-a cr r:.ol1cule;
Dd

the d'v.i:' t *•o'.rvy , . . n,; Dd is the dissociation enerrv

equal to 1OeV/:-o1ecule; the ionization enerry wa U neI, where I is

the ionization potential equal to 13.6 eV for hydrogen and oxyf-en;

the atomic excitntion rnerpy,' w = n:I ; the ionic excitatione a exc

energy v:' n*'f
.exc I tMxc

,,- a+ W .+ V, . .e - . (3.21)

The ma'h'ude nf tUie d] ffL'r'nt te-ts of this sum- in relation to

t.... ,.- ~ Y.:'! r:: Iin F ir. ,.]9 fcor a pressure of p = 500 atm.

"ep.l "I I'" .x" *e :,:(:ttl 1 nn enion 'v v-iluves are not. shown. on the rraph

As, I -s:',' , th., 'm:r-:'," 'a unrii v'o],jmfv of plasira ba:fcally Is coni-
S ". th . 1,i 1 .. , ,,., r rt! :I , ' , "'1. io 1, fn rr.y and the d, r:tocintih on

r .v ' ,, j ) :t i i,•' . ,'r. " ', . :. , . an n it,,rti' fic ei. eO J''u',L1 o l.



Fj.3. 19. Dc-pcradcýncc oil the cricr?7 density of' a plasra- on tempern-

Thc>~ ore i' ma I . hc iritriliisc en rt--y o7 a unit voJu.u- of

wm`.er r'~rins' the 'nrc.a of' temp:-i:'turoz corrcspondinr to the !'i-st

iO~l~t i e o: & o oiK be z h.l'iiated a ran othe for:--'ila

~ (3.22)

Sn* + Sn 1a -,h !~i~A u~iter off part.icles in a unit. volu-::e

DC, Ithe 6ieu1 .;asor:'iati c.!n eneriry; I Is the ionization energy.

For an ideal ý7as thie Intritwic enerv--y of'.a. unit volume is

exprieFer1 by the f'orm~ula

w~ (3.23)

Yhr = c p/cv. 1.66- for a moririotmic gns.

In the cý; of a Iasmr~i this rat-io proves- to be variable,

thc~ its rKtr in the! rireosiire arnd ternperature ran-r~cs

of' 1,( ), ,rjII s~rc: 1 wh 1ch ira~kes 1.t possible,,as usulally I s
do-)i- ["fl, to) rc.uc certain eff'ect i y constant. y , approx Imniat.1w,

1-h .,ril of I hl. qn-inti y. The meatn valuec of y in the range of
r)' "'''~x~, ~r 'oIErV)no. arrid c;nr ;u fromi 15,000 to

Y . wlla- i e ; i (,

V;~1u'.o 2' o ,- nm "'P, U] 3 rove o

'01 ! eI;-



It tIsit'ct1, to iethait vihere y = 3 .26 the v'icrIpy of a unit

voluir:& of p1.a:wia exCCCes the (IIQITj-y of n titit volumre or a monatomic

Jdcai Cas azz*:t, the s~~ IWO.SS1ri' , by moive tha.n thr'ee tineZ.

Sr-etior 6. m;Inet.ic c Coe !'i Cliet. or mw ias it, the
flischatve-, Ch,.ruicl

";dojw .. 1 '. :i. -bil 1-h- !:nc' c c If :!vt the coE: C f-J. erit.

I t

wher-( it,, na. are theý rm:wi c-rs of ions and atomis In cV , Z is the loni c

char:f (-; v, (P'/: ) Is lbc rmear t~w rmia) veloel~ty of an dclc-

t. ron, ; (I is 1.(e'I('t 'j~t ~ e~1 O ' I r'j)3.; secct; on. Ile to I e

th~ t '(, v-f (3. 2!-,,) r (3. 2"3 ) d. f*r fi;:: 'oirtnil a.; (3.12-) nij

(3. 13) -11y byi I.' I of.ýr)r'I f i'r,-,e. o r ('C]WV "to11 the rat. Ilo of tho

r3u .;of tho 1-'-c' "j, :(] %h Otcv,, C fl1Q'rr t~hr- faclk-t l Uni. -

r~~i. io.['<' 4e rAf i::~ c n:1.; i ; lle:8' i?' f'or. ;oairn'i' nt. exchnn'ýce of

.~~~~~~~~~~ 3* c" .'.* HV i H.] ' l:
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tb!va I two I ' I 4w of I VC C. sect. I oi -3 of

Cou oIimb (-()I I !:;.I : o :i '.0 'h,: 1I h the :n Id off formuIa (3.-11) and

.1. *.-....a.-

-,i - .,)(., Iy h

3.

u ,in • .:. r, i ,, ,, r, ,•i " • i i ' , i on t:" 1-k" p 'rc ¢, r

h., vi. 1* :r,' : 1. " '" f'q u c.. : ' .l 'i .ins t.. .. ea..t. .e r

cin! 'h'O h,' e.: s:. . .' rb I ho n, "' ,nh r cL' nted In the t;,!i er.a1 forlv

.. .. .. ~ ~:j,*~ .. ',Ij v.-.L ' of to ,(,'. r:

InI

u , n , ,I . . . r , col I II on t ; .- r Ith I ons w111 take place more
f're,pi" l y t,• . .:7 1-h at~or:•

I,1,,,. L '. . of ' ;c' 11 -,I ons, it Is easy to dete r-

mI •. I r , • f."!( o r, r, cor'.un. I,%1 ty ofI 1.1r., plaýma. The Icteral for-,ula

for c ' '. , . l I, [t.]

fit...,,• , (3.27)

('h xr,:"; •',, i ii- :.,. Of" i•i ( ;.; .,, I ... t hr .h tiT me be~i,-weerl

('",] !: ; !': t• •. . , l•. '• ,' , '. • ,:: ""I', . .. .}1 •( li ' I '" l1.T•; ]. D lfir-~



coll~i:- oi of electitons wlih tionr , then tho formilla for conduc-

t vit~y 1: s wotwiewh:t more proec Ise thati ti: t. obtailned In the case

of the direct Millbst. itut lon of (3.211) into (32.27) (taking account.
of' ele(:t~ron-eleetrum collHsi olos) , obtainled by Spitzer (91 (see

also 1.3 1), and h.'!, Itho foloir.

161 - 2,63. 1 nly(Z) Zic',rn=2,38. Liy (Z) ~'(.9

2 (4i)Z.Q n

M.I -f PF~ thsat is, the resistance of' the plasma is due

t c ailo.3j~r',: , th .- te fror:;:ula f'or co:nduc-

Rita. (3.30)

* In th'i gcriewr'a co--,(, as Is seen fromn (3.27) and (3.28), inverse

colnduct.ivi11lies arw, r!CIded.

Thr: clepcnd~r-wr': of rl oni tciipcrature, In the case of pressure

of 500 and 700 a Is sho,ý.n 1-Y. Fir. 3. 20

A ~no1I efl-l Id n M1u'nc tho1w kinet;ics of the elc etrons

if, thiý jrt11P qtimCy ,'4 rolc'ir 'un vol r l"'C0 1 ri Ar q ringrnic'ti fleldc w = efl/"ýIe
f1 ýIl!'i' ; of oe' .. 1 ls -[: n~ 1/-I, that. 1- , II' twi is approxbrateJ ;

A 1n '2';r h'' I i ot8~ c~ iproR u s -



precl::.-ly t h1.; case thvit. t-a-ke. p'1:ic *-iuni11y In tho plasmta of

e] c ~ aldl IIzjt~In 'i t li m" Id. Ti. fact., w elf/ric, I- 21/rc.
3

rh~ aw >-i( :i, r %. Ien, If - 6,10 0, c 10 SeC,(; Accor-
dl!. to~ tho :.: in Y7T1o 3.9, -r ft )- 1. ec ., couh'equcent Iy,

1:.? a;! c n,. Lhs ra on. r:T ! n' 'of a

.4.

(0

e~v 
m

a t

N.at



'The conduo! 1vity ot* tlh' p1%t;w,.ia In a dlo~chargp channel

usunIliy x~ui.:to 10 11 Spe- 1. Thpin the ratio of the thickness

01f the slun laeyer to a channol radius, equal In orderA of miagnitude

to 1 Ou., Is

4C , !I.' ! 1 !w'r~ b '~ o!* i uiz .he sk in eff'ect at thc

prvs:!'w-. I -i 1li .fIV OaIi~h t~he ri~s dynrr;Av( pressuro irt

In f":& 'n 4-i . r* o't, cni'r-y r~aeavc,

in ~ ,i,21 :f c.,-* I'' e~ her:h Iu -eat r~ se the

.:~.? ~.. * , i c dcniltvy of' the In.r~inn c

rmo .'-%: it , orci-r of! ? Ii. Is ~:qjuhl to Owe fas dyno- rilc ore-ssre,

henceI

ii? h 2 (3.32)

and therefo-i'e It Is po-ssble to 1:taore the tinfluence of matgnptic

presnur i.-jrn the Inf'lurorice of' th- skin effect Is riot. significant.

Act~ually, a diret. estlintv of' the aviount of' rmgnetic prossure

rI vr-; tlhe oluz a

T.hr ";J -i i (:, I e , ii 8* 10 C, , ;tari 1, 2 .0 atmn. , 1F.h1 ch

1.~~~~~ ti n. ~::. IIIt~o,ýpri ri nnn v: I1.1i t ho dncynaril tc pronssure,



tequY1 to 10 itln.

111w crivr-y tI'aiiifcr1 In elo'trlcan] dinc.-har-re chatinels Is

~~~~~ Wo y u ::... (or I :-) , vl eciroyi.n,, tid phot ons~. These

pfo.....srtr w xcto*!:*d~(Z~ e~ by the coeCficicnt.-

of '-L ll:wI~ t. Ico awl '( ~~1H i! th.-r.-;i coriduc~t I vIt. ic I 101

~~~~~~~~~~~~. VC,'h V ~ ' ;' * , s .' ~ r :.

nu:.c'

Zhr'? Is thr- 1.on chln,..;]~A 1,,' I hr C ilv1 art m ( )Is

a fu!I-:'.!O-m oe1 'r iPl n V; -(1) 0.95; )

(355

-ah'r- L; Li thO I*j~r :ji t D! 0 5.67-10

or .11 .-~ i~ .... I,; :' ~rt .r ,r1i;To ~~r: ~r I



small1 iii c'uvp:Lrlso~it with the cIli uiosi ois, of' the heated arva. The
patth leaiirth 1%; exiiionssed by tht., formiu]~t 131

xz, (3.36)

Igho!rt 11 In ";he tiun"-1.~' of' &tt~in 1. cit- T is tho ioni-riti on poteri-
t, ml of Ht:t Zy~: = ' 1.

1' C lii.: w-th I- i I ii 7V ~c:a,,l or- Is, ire~fiter than the diyL'fls.I orn

frs f tho t:utf. Ire x'cl u~i' of the heated area.

AO i! on n.b r . 7,:sti'cm2ijy denw'ncs or, tempo ratu-e.
W~~~e:~r ? . 10 i 1 CQ~i Inr hyx'r02:erj ci'o oxyF-rri (1 13.6 c.V)

Z 1C1. ý- Cn ITh C P1, .i) C1I-met 10 Sur i 1Z ca.r0U C'

~~~~~~~1 jd~an af oi-,t thm.I Cotuct'v`ty :..a y act in a dis-

Let u.; coirmare the coefflelents of' thermal conductviy result-
Inr, fro,;, tliese thr'o rcha, s Where 'P - 20,103* K, n*- 10 20'eCf,, 3

Ii) hydro-cn, x 1.51-05 ervI/C!msec-deir, x 51 erig/ctm-sec-

del-,~ 2.11-108 cp/mced. Therrmal' conductivity leads to

r:.um~i~t I;nof' the- tompripraturm insi de the ohannel . Thi s process,

as s n~:i (se 3]) ,Isci~ncer~:-edby the spatial scale

2 \'x t, I ~ ~¶ 1~'the dir e,(tur of' tho area hecated after' the
1. ; X~ Is.; the cn-'ff1 c! lent or thermal dif'fusi vity.

Iii d': hŽrit. r.~V!ran i:fflurilv:!ty is Spy~r,,oxi-
'1' ~;j. Ii' (1 e I. f ~I I ~Y)of thie attom:*



Where I is thet ]i(ýj:tuh or thlt. friee pathi of an :at~om; Iv. 1itsa
roan th..'i'r:1,tl volooit~y.

Simi1~.iyth.. eooeffic ir'zil of' v'1't~ron thermal diffu-
s lvi ty I>~ iie tzýt 1 i.it Od ac iimj to t.)iC roTr~!mUa

(3.38)

~ . I::. o.ra~ ~ ther::.al, dI!fuv.y x. is

As ",In c'~~;t~o th*, Ponffsi1'lent. of' therm~al diffu-

SI I ::.~~ *¾ -b<uc~avie tir hc.ner,-v carrier, t, he c oef'-

V~lcint. of radnri. herr'al diffusivity is not sinply equal

to the Uo~clrt f r'adial.1011 ciffLuSion I S but contairlsC 3'
aric~fhcr f~ietor cqu:0i to thc ra3tio of the heat capacities of a unit.

volume of raidlat~r zini matter~. Theý cause of the appearance of

thhs factor Is the, fact that In the iMveri case radiationi plays

thn role! of' th- car~rier of' enerry fromn such sections of the r~as

to the, ott'r-r-2, thui:. c.111svT nv hoatlnin (or coolinf-) of the matter

[3).

We. shal 1no w' t hri. . f v, .1ueýs oV thr- coo ffic lent or'

thormal. dAfruiwvity arnd the scales of the heated area for

t.yic 11. ;;2 it',i' 'ehic' T = 20,0000 ,

''0 ,~r ..

VI )1 1'i* vt.%~"t~ uc';''L 0 sC



(3-40)

As In upn r~au t.haor:.. Cui.ductivity provides for rapid

vqual ::'tio M~ o t.L', lwe I de- *hc. eharin', which rnnkes;

It. tor: -ullo !U beor mnf ~: thc cli-anel to be unifori~

In V.n ?'pVl)Xl2i;. (W ' "'11v :~ie

~:hi c~ r:':c'i~ tr..'s o ' thovirnid tco spv."'nl hunlre'i

~~~j'1j ioi 7 nt - 1 v. Wi n fl y~ I 'vo:ra~t d mxoloc 2.es I. a:s p~o t.c,

In~ On tr:;nI:.'l Th;:c. 'n.S n the~ tr' ioition inv~er 07 roln

Lively cold aw thrcbr x'o.;In tri;.scarent, for radiationi, and the

th'::*yc -3 a-r:-~ c2 4!' c~hanr&1. in addl1tlmq tuv'P

wlth On UCýi] ;.~irnetf ;vwr.ohan~r~ of O1'at conridctI vity, a

un!Tv n:rLo Mo> ~~C~~~a;ih ithe trnnsfo-' of~ i~caAc

energ-y by nolecu¾~z, acts in the transition layer. Atoms which

conie Into the cold liyer:; rrceon,-blrio, releasinr dissociation enc~rPy,,

and th,: I.NOICCU~eS WhiCh S~tr1ike layers of hiflher temperature disso-

ciate , thus; abnarb~ini, onrtc.y.

The coefficlunt of, th,-;r:.ia1 conductivity of a diatomic gas,

resul.]mng Pro?:, z-merh al ,%echi~ni-sn, Ir calculatiedl In (5, 121 and

approxl;tote3Y is expro.;,-- d by the formula

2~~T

Xd:='

K (~e~: i2 I'' ... t '. I) 8 ¶ *~)(Ji
171(43(nC'WplotI

D K dISOOWM 4Sry a is.) ,.

7, ell "I 1A



The co;'lTlcilcit or dissoclat.17cP thermal conductivity has a

Maximum al the trtmperature whc-re half' of the molecules are
dissoclatted. Tra wiltic In the' area of the maximuni exceeds the

value Of th-m coefficient of g~as kinetic! heat conductivity by

several ttines.

For exa:irpe, i-n hydroren T * 7,000* K, p) 500 atm.,

n 5- 10 -:12_-, t7)r n - tlvw tntal nur:tfr'r of pirtlcles In

1 cmit~ ~ C /'.?cd.?- i 10 r

In ,00(p* r\ ) w 0C -iln, n 61,02

r ej r- z 'ý :~ c: ' d' ss A ti 11vc. P! -- :

*k . C:: .Cf I- v!L,,bc~e elc-!.rer If' : benr In rArnJ

may be erA1ti,.ted accordini- to the standard formula. x - (1/3)lvcvd

If c dIs undry-mt~ood as the heat capacity of a unit volume taking,

account of th(o l's~cs of eneriry In dissoco.ation. Consequently

the ratio Nd/ /CV, where an Cd arv h isoitvan d ar hedsscatv

and g-as kinetic heat. capacity of a unit volume.

Bearinfg In mind that cvan w Dn ,where

thfe depender,,-e of' ra on tpmncriature Is dej.termlned by formula

(3.36), it. :1.; pstlowi)f to obn th"1 X 10-- (D/kTh whore

T D - theý te :>nr'ralurc ait w~hich the d,.i-o. of d issoclation is
c~:~to 1111f'. '"ill- 1nvfrti~ ~;h~P. ~:~t-ntlIonod abov-

!'f(I~ o.I'j' lzic~'~il ':v.r~~'t~it t0 cxc':ee' thc-

K.'*.**jj



coff~eiI; ()va kietleI thermal conductivity.

Tho vat]uc of the coofficiont of' thermal diffut-vity

both Ini the c:eof j~n:n I-Anetic, and in the case of dissociative ther-

mral c!orJuCt~iv;t , Is doi.eirmlned by the coofficient of rnoL~ccull tr

(li IPu~on(sw( 'orimul~a (3- 7)) and equals 0.11' cr.l2 /soc where

T 6,000* Y, ý0 at rOOa, n = P O Cfl

In cofe'. o, o i;, ctl-.s I u even colOder layors of' the

c± L~m.;t. d;T~.i'~yii; these lay..)'s is 'less thar, in the

p i.thlw ther:,rl d ff~u' h'l-tY of' witcr- va~por' x = '.7-10- 1

3C!.: 5~r f", ?'C 0 K~ VYO)at p = 0. 1"S ij/ei~

~~~iI2~VW- K,/: 1) v O~ 300 atrp 0.33r,~r

X 0J.7-1)Q- c iii naly , *,Y watcr , !n thle t~e:1.peraturc, Ic

c = ,10Ko' r/:7e
pc

Section 7. Temaperiture of' the Plasr:~a in a Channel.
Enrevi;-, I3alarnco Equation

The teripcvitu.tzr of t~he plam;:ýa in a channel usually Is deter-

niln-d (expermri~n).fl fl by t1,Wr opti ca] method . Assurninj- that a channel.

rad1itt(::- ns a bie:body: 5.1. is pos--.,ible t.o determine the tem~perature

ofr t~h'-mt~n i .1 acemd"Iti.- to the relal. lye inten-i ty of several

:;CclO!.,Iom ol, the .1 . ; :~ red at ion spcctrum:. In practice such

!l w n.rform-d clIn tho v.!si.1 h p art of' t~he sect ion,
(.r,~.2 iidi~ otho r(7 ::on of* w'it',ýr In:ipev

'.*
1

i ' :' I2,I~ . :2 ~' ~ i f *h).-I rj l) '~.*J ti l i l ' ei

c,~*ri -1 i qi ~ in .'Ii el ;wv'r'il I! l~lom I or o ll'ter; V



are rclcla:zd during tons of microseconds, the temperature in

the channel is in the area of the first ionization of atoms

And is ampproxImate]y 15,000-25,000* K. The radiation spectrum

proves to be Plannklan, that Is, corresponding to the emission

of an absolutely block body.

The plasma temperature also may be estimated according to

neasurem.mnts of the electrical. resistanc( of the channel If the

radius of th-, ch-.irmc! and the pressure in It are known. Actually,

b. '!no..:i, the :esls;tpnce of a chairincl ani its radius, Ir is

possible to determl:u the conJuctivity, ind this'value, zccord In,

to forrai:ua (3.29), b-sicc1y Is determinee by the tempcrature of

the channt I, and only slightly--)oi•ith:r.icaly--depnds on the
" •,3 e~~c tf'on ec:oen:t r• :. i on.

P rr'2ph of' 1;hc de! tndence of conictivity on temperature is

shov;r In .I}:iF. 3. d "oi ;eve:-'1 v,,i.ue:n of the prc-szure in the

cI-, n.c] .I :y us n.' "ls ur':;. it is easy 1-o colve the in.vcPrst
, ...- de .r• n:. t ;c tc .'"tur. of the channel R cc_'-di:,;w

to its conductivit.Y at a given pressure. Estimates of this type

wcre perform•ed in [171 and led to results which agree with the

above-menticned resoilts of optical measurements. Thus, for

example, for a discharge no. 8 (see Table 3.5), in which 3.103 J

was released in a channel 1 7 cm in length for T 1 10- see

the terjpercture proved to be approximately equal to 15,000 * K.

Thanks to the hlr,.h parti:cle density, the h!a,-.ted p~r.vr~a of

the din;1,ccre cha!nel is an •ntens2ve ]light noei r-e, r--td-1itinr as

an at,;oluoley hac!: body. This clrrir-:;tance 0 , j,,it. ty

of usrn':. (l1ctric&I di schnr.en as hi cfi no,• n " y .i ;ht s+': -
llg, I-)].

4 r•



discharge No. 8 (see Table 3.5) experimental data and theoretical

estimates (see Section 2, Chapter III) show that the characteris-

tic radius R0 of a channel, the form of which is close to cylindri-

cal, is equal in order of magnitude to I cm. Assuming that the

plasma temperature of a channel Tef _ 15,000* K and that the mean

radius of the channel is R0/2, we obtain that the energy of

luminous radiation is

Vf: .,

Where T = 20,0000 K the. encrr:y of radiaticn is alrad:: around

1800 J. Hoaever, not all lurinous radiation escapes the channel.

In the crse of' tempcrntures "n the order of 15,00o0  K and YhLnher

the wave Ienljth, cor'EispondJrir to tht, mnximum of' a Planck distri-
0

bution, acoordlni- to the Wien La. is = A/T - 2000 A, e lies in the

uitrnvlo•ct re'rion of' the spectlrur, and v:ater stronrly absorbs

lur;Anous 2Q c6ation :in this r('fJ( cn. Thus, for cxa;-pie, at 2i50 A

the coefffi'.Cnt of 1.T1h1-, absorpt Ion in water is approximately

104 cm-. Therefore, only thte vfsible part of the radiation

escapes the channel, and a significant part of the luminous radia-

tion is "trapped."

This gives some basi3 for ignoring the enerl-,
removed froem the channel by luminous radiation when

calculatinw the enerigy balance of a discharge. On the other hand,

the assumrntion of the trapped nature of the radiation makns it

possible to perform a very rourh estimate of the temperature in

the dischorre channel, which Is, however, of a tentative nature

and which leads, rath,_er, to a clarification of the qualitative

pIcture of the phenomenon.

Actlu 1.1 y , if ,,We ,,,urn. that radlat'ion is %b:;)orbed in tho

eivelcr')r)•( of' -he ;h rm1:i ad ,';; fr l" ,h" evapor1t,1. o nnd d .:-:-,o :-

tion of wa' r prart. e , '8, then tc. nIu!tIl)f'1' ol' the pztrl. 1cl ,e•; ,va[•i



Lr

from a unit of channel suf'n e for, a unit of time is OT4f/D

T D where T T4 [31 ; D is the dissociation energy

of a wat.cr molecule relative to one atom; R0 is the characteristic

channel radius In a d~ischarg.e plasma (Zc/Re)1/4 1 1, and there-

fore T.-f - T. The total nu:!.ber of piarticlcs transfcrred from

the wat.'r into the channel is

N 3-' •T 4rI.1flh?,.

where S iz the sirface irca of th6 channel; Rj is its radius; T is

thie d~s.•:-11'e ,ur:atlon. `.*IJ th the a:-d of thin relatlon-;hip it is
possible to express the intrinsic encri-y of plasi.:a in a discharge

charnrc- s L A fuic' .r on r,(' "... tnýu ! v

p1' . ']. r 1i1 - ,(

In order of m.agvntuude the intrinrsic eneriv of' plasma is equal

to the total enerriy E re&eased in the channel after the time

TSr - E,#t y- )I k,

Hence

Ir .E 0 1) , 1 "1
T -- L--•,.~v,.j - j .( 3.4h3 )

The surfac. ;Ii'cr, . of a discli.i',c channel may be determined on

th:h•' ', of ,. .:'l' Ir:rl c:t,!I .i ,•r or' exper.i:intal data; for cv]indri-

"" . ( y- ) T.P !. for -•, ph•,rcn3 - l .

'h' T .' - -(2 ) Ti) / (r'r- c i orl 3, u 1.-' 1 )



We shall now ,ive an example of an estimate of channel

temperature according to formula (3.113). For the above men-

tioned discharpe 'No. 8 (sce Table 3.5) with Z = 7 cm, E - 3-103

ceS T = .'s cm, S = 2rZR0 formula (3.43) gives

T - i.5'1]00 K. It is inteescsting to note that, as is seen

from (3.413) the temil),ratur, slirhtly depends on the amount of

energy and the tj,.ie of its release. T1his circurstance is in

qu 1 t:iott-Ic ait.,l e ,.r with test results

On the bass , f' thhat wh ch has b(:'nc said it- Is possible to

consid.r ... " .. . thn. the energy.v, released Jn the channel,

b asica?ýly •'oes to hc, the r•:ttcr in thu discharg-,e channel and

to exlnr I.le 1 " . C tover surouni liquid.

in :-'. on 1t .,' lobe the c'ise that the energ;y ro. n;n

tro hat 1.h- ,, :r, :•rer ',te, in t he baoicai e1 y comparatively

uni fo:.•:'y }';;tcd p::. t cf the channel, ;..hi e the enerLgy stored

in ', i : r s 'N . . ] . .t " c.-, nv&•, vt' , ] sniall. The ar!ount of

this energy AE nmay be estimated accordinrq to the formula 6F - wS6,
where ;; is the ener.y of a unit volurre; S is the surface area of

the channel; 6 - 2%VXt is the thickness of the transition layer.

rThe value of the coefficient of thermal diffusivity varies

over the length of the surface layer,

First. let ut ;.amine the teirperature range corresponding to

molecular dis.c;ilA.on, that is, T - 6.,000c K. When p = 500 atm,
n = 6.1020 the coefficlient. of thermal diffusivity in this

area Is 0.14 (see the end of the prc-ceding section), and

thrx eneri.y of a un vol,,;- un Js appr'ox nate]y equal to w- ! 109

er" /¢lrl. ''iei i fov ni. ch. r' n .* (:;ec Trible 3.5) with the para-

1. , 7. i. , , T 0-- ] 'J(1 WVC obtain: 1 0-?2



i'JAs( fliourit. of (11'.1.1-y sttored In the colder reglozis of the

surf'aý?.J layer, also is s'iall. Thle corresponding estimates, made

for, 1:w above-::ont~icotd disch,.z'1 v v-,ith thj,- use of the results

a' 1,1,,r pr'cccd~ s eet I on and In fornixtion on the thormodynamnic

p!O':.iQ o" v.%iter Vipoi' 1131 nlhow that. in the temperature

rcmirc. T %~O ;"100Y, S Li.10-3 cil, AE 3 0 J'; witth temperatures

of T : 7000 K, 6 - ce:, A!- -- 5! J. FMnally, in~ the heated
14

lz:~ of wa:tr:v~:t w tll j ' of T *'~ T K.*F, 6 7l10 c

fTm!Is 1 1t I post 1W! I 1-.c cot,! I 'icr thB. thev int ri n, Ic enerj-!"

C) t. t.t t 1-: "-1:, 1, o. f~!. t 1,z C t e 1 n :i se-d

n~~~r~ s '-nn . ii .:' 'v ,d h''the erncrr-:;, n, tr

*. .id.i~,: th, ~~i y d of '-hc

for!-:- (3 3), Is v.? p/(y-f I:~r y - 3 .26.

~ '.:v c~ r:.r,~~: ~ '- c.~* t,,:; tile i r'c~~cvi f T,dv

ii ~ sr.Ki 1 cr):-.tri-'1 on -Wlt~h t.he pureljy hydrocdyn-mic p~s

of cy-wiri z'len, anid In th , -;senz It is possible to consider the

channel wrall to be r( eev,1c

I h "M ecqual-lon of thi b1v nt of cnerfry In the discharr-e

proce:;s therefore hcquhl'(n the formi

wh'*r (, : ~ h rf 1 r o~f crir r;y. 1'e 1 e;:t sod! lit thr ch~irind * Tlj I %

eqlI0ii i 'n will 1'*ir rdin d'4 1,1 in the f'ol I wlrjg chapt~errl.
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CIIAPJ'EIT IV

HY DRODYNA MIC PROBLEIMS

01, 'rIE FX1'ANSfON OP A CAVITY IN A LIQUID

Se t on 1 . Introduction~

FroT, "he < n'' Tepý,½'. of vie-.,. an vle ctri cajIdtcl

W~Yl) C'(~: ~': ~ ~ssof thie enhh!: t of a c'avity !r'

a flul1. The' (,..IrI je~in : st i'ýs of this pr'c#'s2 d.-

on t~ hi' r ) om Y't:jta ;.m'es of t.*,.e p~.'*r:

to r..,;,* ,

Tris- firzt. c.." thcs- re~ci-I 'c, ti S i tuations where R , w h I i

mleans)5 t hat thc' rate of expari:;1ori of the ehannnel R 0 / is small in

co'.pmr1 sonl -alfh ! hr! ipý(-o of7 soundi cogard the disturbances in tho

de~nsituy of the ."luld, vausr;.'r by the! oxp'irsflon of the channel, are

insir;riific.,nt. *'i,-;n,- thc-,o, In turn, It Is possible to isolate

thy-PC elner, aP r,w;ini for a si~plre approx~it-ition of the shape oil

the ch-.-mfel and dl.zt;Inr-ul.ýhwl by theý relationship of the length

of the. dis4chir-in( vp Z w-it~h the remaininit Spatial scales R and X.

If 1-1 n (0 i . j a), th; hape of theý chamrrl , evid-r;tlY,

j: i (,7 to2' S."! spY ,crl , :h liri:,;It. posr;.-ble to uzc( the lpiet

sF~~~h'v71 (. ~~ ;1] e-1:O :1.1o(l.

*p.7 2,*.,U ~S~~;rVt -osdrthr

.,-, ,.j II- !if



In this case a model, of a cylinder, short In comparison with the
wave length, is acceptable.

Where R 4 1 (Fig. A<.1, r) it is possible to use a model
of a cylinder long as compared with the wave length.

The second class Thcludes modes in which R > A, which

c•r•..poncs 11o0 expnna:''n of l.Le channel nt speeds close to or
excetedjnm the speed of sound. In this case disturbances in the
deon--ty of the flu~ld caused by t he expansion of' the channel

becor;e intense and it. is ncessary to consider the compressibility
of the fluid. Herv ali; it 1v' possible to isolate the two siT:mples'.

,,,,, ;"her�,� pheriri:al model (Z< ! \ <R), and a cylindrical model
(X;<R04 Z)'"acetbeFi- I ~, d ano 4. 1, e).

In th! e-!hant'. sva: l exs.riinml I.:i(,e aspect. of the hyvdlo-
v,. .r1,h", C- n he . ix :::.on of cavltis--ssherical. and cylin-

e --. C _. n "1u!i-, W1i-h the Intention e-f usinr the results oh-
tainled here 2ater in Studyinrw the hydrodynarnc phenomena caused

by dischari-es.

We shall be interested,iin particular, in the pressure produced

by a fluid on a cavity expandin: iln it in relation to the mode of

expansion of the cavi.ty, and also the characteristics of the com-
pression wavw radiated by the expanding cavity. In addition,
the problem of the pu],;atGonis of a gas filled cavity in a liquid

will be solved.

The motlon of th, liquid here is assum:ed to be isentropic,

described by the syzt.(ri of hydr, edywriml.c equations, 11, 2] ,

+, , (1.]

'"' ' Iv ' ,



and the equation of' s~tat e

p Ap 8. (4-3)

where A - 3C01 at~m, 11 3000 atri, n *7 for water.

In cal-'ulatinjg the prer'sm-c In ai mov~nr- liquId It is con-

venier-t to use a relat,'c'n3!iip r'L'V'ezentinrg r vewmrlization of'

a ~b

Fig. 4.1. Dirmensional.) sc~lp of' the cavity expansion problem.

the Bernoulli equation to thc- non-steady-state case and belng the

first Interral of' the 1.uler eqi,,ition (11.1) [1),

where h is t1he, zpon I fJ 'nhil! v Js the hydrodynrnlIic veloci ty;

Si.,- thc, volor, ityplert al ( v r-,rad p ).

If' the exespe~sueIn the 11 quijid cauised( by t~he vcxprtn-

s: en of th c. r, e snwtl 1 mid I n.s-i mi fi cLWA4;

e~r ~~' I1,gI rir.' , I v h in po'I a l p/P 0 qni I nZAC,:d of().I)



This relationship makes is possible to determine the pressure

at a given ipoint under the condition that the flow of the liquid

is known, that is, that the velocity distribution and its variation

with time are j-iven.

We shall l-iiore the Influerice of the viscosity of the liquid,

which iz; not srJni... c'. for the rroblton:; exarmined here.

- t:• O . Lh r, ,1,](Ž,b . 'T t ::e Exjfn.i Ion of a Sphere -in -che Case :
of Lo,: Rates nf Exnan-on.

Let b , a eriea cavity of radius R1 n a liquid at

rert• i pr:I:s:.e in the surndin lquid is p 0 . At the initial.

mo:.e:,t, t = 0 the spixre bct;ins to expand accord-ni; to a given law

R(1% t, Lct us f_ i .roz:'" :.n thp r-fce ,. the snhcr,

u.n t-: t h rat:: o" e ..... ,. n of tht. spl ,cr- is s, all, so

...... tno !I•;u"tc :.av be considerc' to be incorpressible.

Prom the cortinuity equation where p = Po = const we obtain

the follo 1'in: fc'r:ula for the velocity, satisfying the boundary

condition of equality of' velocities on the surface of the sphere

•--- I- , (11.6)

rh err r is the r:dal _ coordirnate.

It I- e,,yh , obl.,•n the veloc'ty potential distribution of

the liquid ci ,onv ':h'm r',i '; fro-.I the forlmula (4.6)

q .. ...... .(11.7)

f;,.1,'"• .or 1:h. we]ocilty (4!.6) and the

" " ., ' (' i 7) rn.,, .i',.u1l: (a4.) and de,,errin nn,, tho



consta:nt enterlnfg thl.s formula from the boundary condition at

Infinity, we find the pressure distribution In the liquid

J0h + 2k h' 113
Ps (4.8)

This relationsh~jp alao ma y be rewyrItten In the forma

V 4(4.9)
X3 .

Assl1nnin: r = R In f-oV!'.u~a w~ ~ e olt.4-air a formula fca' t!Iv-7

pr-,ssvv- P on the surf,ýcs- of a snhr-re exprrudinr- accor'dinr, to the

p1?vc~n w

(41.10)

V~ n ~i.-, rhr( nt. di st-ýnccs o~f r ft R the' last

trni the, ri;-'l~ ori':T (11.9), rnsultinr- from thp
presor.,:o of lt-h nr( iJ~:~l terri in formula (4- 5), Provos
to be a value on the srý'ao order of' Tarnt- d asteLean

termis of this for:,iula with-J any rates of expansion of the sphere,

however small.

Let us now, deal with) the coripressibility of the liquid. The
exp,-nsion of theý sphere cauý,os a density disturbance, propallating

In the form of' a dpo~rl dvorpgin wave. If the rate of expan-

sion lof the sphý!ro Is srii1l 1in companrinon wi~th the speed of sound
In the, dioturl)td mi'diuii, ;%nd the density disturbances are smial~l andi
conssrqtic nt. .y, t hr pr-ot '~Ion of* thte diverg:1 nc wave ,rmay be descrItbed

by a -,ol uti.1on of e1t!e 2- n ar oe oimt cs , approxi r~ate] y satisfyting,

t~eho*.!inu,:jr ccnclit Ion (,)r coritinul ly of v~r1 octty on the surface of

fliP !I3'Qoil



where V (4/3) wR3 is the volume of the sphere; co is the speed

of sound.

Substituting the formula for the velocity potential in

formula (11.5) we find the pressure in the radiated wave k

p-- .= • - 7 - •( 4.12 )

In t~hcu ;:\e :.-c.,v the second terwi J.- the ri,-ht mefmber .nf this

formula is ne!;ligibly small, co that relationshbp (11.12) tuvns
:Into ^or-nu] •%

P --s -PO(4.13)

Near -,e she,'.. , •s,. v ris.. of r <- C0 t for.:iula (4.12) ) urns

into forr, uia (.1.9) cbi-tat:Ined in npprox:iuticn of an incor•pr.es&:ble
liciud.c

The radiated encrPy may be found by integratlon of the energy

flow throurh the surface, enco:.mpassing the sphere

IV.,¢ Antr' (P -- 1,41 dt.

We shall use th3 results obtainend for examilr•ing the problem

of the expansion of' a sphere under the influence of a compressed

gas fillijri- it.

Let a ;photr of radius R1 be at rest at an initial mom:,ent,

and the pressur'e P of the oal in It be greeter than the pressure

1)0 of t; he sn i'roundln :•nedlum, Unider the action of this |) ressurc

dr f'l'e rnch-r ' Jir-1.: bvi: in.s to cxp ,n d. Ass urdij] that I. n tho

,"..p:, i;on ,'," thr :" " ', the cl1:1'1 ' :•1 tIh,]! state of' the g"as t• &:.s.

f , r ... '", l', . n . (I."[lr~rl "'',ww,, ',rn



I | •

the gas prissurie In the cavity and Its radius:

P - ' i- P, (4.14)

where y is the adiabatic gas exponent, equal to the ratio

of heat capacities with consatnt prensure and volume.

Substituting formula (1I.14!) for the pressure into formula

(14.10), .:e obtain an equ,,tiori describlnji the process of the ex-

tt'<n3lon of the cavltY

This d7 ffeer, a:iri eqaLn'iioon often js called the Raylelch equa-

tion, first used In approximation of an incompressible liquid to

,r rrob]•::, (),' the exar;ion and lm'.,nr of a cavlty In

a ]icild [3). It rlay b.-. irL-,rzted or..*, tire if R is taklen as an

inlped~r<vpripbhf -Inteurd of' t.

Thus, It is possible to obtain the first Integral of equation

(4.15) (4)

(4.16)

This formula also may be obtained Indirectly from energy

cons ider.at i Ohs.

Thm intrins.1c cnrry of an ideal gas filling a volurne V,

Ow=•-V (4.17)

, t) e::r''r.:;I:•d I;; , i'mij tjon of' the r:dius oF the ,avit y R VitAh

;1,.' :•l' ,,J l'c•':m~- ((II-



-. -- -. .

IV P, 4 un-, (2! 11-1 J 0 (14.18)

We shall take the energy of a liquid without a bubble as zero.

Then the potential eneriy of a cavity of radius R in a liquid,

equal to the work against the forces of external pressure, performed

In fori:In,-: such a cavity, is

A •.,-o- .T '. (14.19 )A

The !.vetl energy of' the spreading flow of liquid may be

expresssoj by tho fo;:Ag for:-;ula with the a.d of form:ula (11.7)

1•• -- k 4.0" dr--2: ,,ti .
:-1 (4.20)

Then it Is ;..1-,:'.]b2i wririte the law of the conservation of

ener-"., :7 h, p:.,c.f:; of bhubble exl(anslon In +.11- following. way:

2•rjotj1' , j.,. 4_ /r, a .

"ir°l: II(n):,- ' l"m l'( ) L" (4.21)

where E is the initial energy of the bubble.

This equation wh-ich, with the substitution of formula (4.18)

into it, coincides with equation (14.16), describes the motion of

a gas filled cavity in a liquid. It may be integrated numerically

under ijvrwn initial conditions.

In th' cn.•e undver considc'ation, when the initial. gas pressmire

in the -,m1-lre i.-" rfrcater than equilibrium, integration of equation

(1 .16) :hc, -,• ti . l :init aI)]]y the cavity expand,-,, reaching dimensioens

f-re:nter th,'11 n (aL)i Ibi )~ , nd then 81n shut., returning, to tne

iii 1.in :8t: e, •+fti.,' ',: ch l he |-,ro(:c:'. :" r• ted in the rorn o!(

....................... '1.,l ]•t,..

I, • .



0\

The amplitudc of tho pulsations within the framouork of

the approximation used here, not considering energy dissipation,

does not decrease.

Py annlyzini, equatio-n (/4.21) it is possible to obtain a number

of approximate relaticnshJps, descrIbing, the process of the cavity

pulsation (41.

Durinrthe .r er part of tho pulsation peried, as a con-

sequence of t e recn'rd reduction in pressure in the cavity with

an incrr-a:or in ii.. radius, a relative part of the intrinsic eneri•y

in the enrtry ba] rnnce equation (4.21) Is small and may be ignored.

Fi-g. 4.2. Dependence of the radius of a pulsating sphere
on time.

Then from (11.21) we obtain the approximation equation

2iip IpJ -I. + . pIP - E. (4 .22)

At the moment of the rjaximun; expnsIon of the bubble the

rate of motion of i ts surface becon',s :'ero, and thus from formula

(1I.22) It is po."f;'½1he te expr'e-s the maximrum radius th'ouch 'the

total pulsatlion •:iy

(" . 3 )



Now excludin,,g E: froir formula (11.22) with the aid of

relationship (4.23), we obtain the equation

2P@

le (4.24)

examined by Rayle.ll-h (see 131) in studying the slamlming of a

hollow cavity in a liquid under' the action of hydrostatic pressure.

This ecqual;ion m'ay be intr.:-rated, w.,hich leads to the relation-

ship

/3?-• C., +Cnnt.

I "'J (4.25)

The inteij.ral enterinr in this equation is not expressed in

... cr ~ .•ltho1.,i it mty be reduer',dl to the su:m cf

lhC'. A, " R = LI,d R = ' umax -n the :ntcgraJ of forimula (4.;5)

as the Mltts of integration, we find the time required for the

expansion of a cavity from zero to maxinum radii. By virtue of

the fact that in the cases of Interest to us Rj R max, this

time is approxirmately equal to half the pulsation period of the

cavity [4]

3(li

(4.26)

he(n:ce

J,83/is ....

-- ~ i ,1i7-



By usinru relationship (11.23) it is possible to express the

pulsation period by the amount of total energy of the pulsating

bubble [51

S.t

(4.28)

Sor,!etl'-e, thIs e!untion is called the Willis for-mula.

As :J1; seen, the pulsatlor, pcr'iod •ice-ca.ses io opeomcPt'on to

the cube ,'oot of tLhe ar.ount of total pu].-atlon cn-rj",y aZnd decreases

in proootIon, to the x-ount 0 ' hyedrosta.-ti prossure to the exponen.

!j/6. it Is nccczs.v:.', howeveo., to note that thie "fo.:Iuua i.; not

apnicabic I" the puisating bubble is located nr-ý i thc bo.... ;6ary of

the liquid as a consequence of a chang-e in the nature of the ex-

JrnorJnf- the proe.;sure of the gas insioe the cavity, correct

f'or thc. p'c'c.e:' ,ar, (,f' the .uls;it.:on per:'od, proves to be unraccep-

table in the initial stage of the process of bubble expansion.
This Is cormcct.ed with the fact that at the initial moment the

pulsation enerý-y Js concentrated in the form of the intrinsic

energy of the compressed gas, the pressure of which is the factor

determininr, the motion. At this stage it is possible, on the other

hnnd, to ignore the influence of the external pressure and to omit,

corre.'pondingly, the second term in the braces of relations (4.16).

The equation thus obtaloed

, - \- ((4.29)

,e ,t .;,}, ,,•u'i 4,.! , • .l) ) .itt whie t T, Is anrm! (-d to I,, o:,ilttti,
10: e 1. . ,r, tI I t. , . 1%.11.)

1", ,, i,' |,,1 it t " •',.' "•.. V, ",•f• f~h " I•l•,h! , r .:l •: r~ t~ ,, 'lO'r It

• itU



of reachigit; the maximum rate: from the condition of R vanishing

welP, he w-5 re(

Further, in t;he particuar' case, when y = 11/3, equation (4.29)

m~iay bc Irntei'ated, wahich iives the approximate dependence of the

rad•us of the sphere on, t::ic., valid for the initial stag-e of ex-

panison :whcn P> p0 (4].

16_j j 2r 1+-Y + Ys
7___ k (4.33)

where
Y

As i.. scen fv,.. at.:zIps (4.30) and (4.31), In the

initial stag-,e of expansion, when the internal pressure is the

decisive factor in the process, the rate of expansion, in order of

marnitude, is equal to

(4.32)

and the ti,•e T,, during, which the radius of the sphere increasesr

by the order of na:itude of 11-s initial value, Is -t R1 /vq-7 0 "

Durin, thhs tir. the p,,'s;ure in the bubblo decreascs by an

amnount equfil to it. initial value ( 4ii:. 4.3).

,I ':,- A ,r el ron]. (] xw;I,1] for 1lu tration.

],l P i - a0.• 1, h - . W, y " .



TPhen, the Iin, xiflrm -atv of bubble '-xpitislon which can be

roached %-dwre R~ = 1. 3 R1 , 1:; ripproxilontoly 1.11-10 4cnn/s.c ; cor-

responding- to this the bubble radius reaches a value of 2R1 durlinr,

the t~irn -t - 10 1 s( 0e.

The vtlocity dlz1-tributlonii n tht, liquid surroundln- the sphe.'!

Is deicrl~b d by re~ nhp(14.7), anid the pressure distribution

bY ~ :,*3, whh eamy 1!t' ConlVrtcAj 'Into the ffollowln, firin

v: :t~h~h!~. ~K fj',:1;±; (. .0) anid (~*~

cItiC ,Y ý r (ha %' -p. [j '
rr r.- -. th

1,i LIh bUbL 1 ' al:; a riVvvI m~omvrrt of' tine nol. only by rhne

factor 1./i, btil- al.-,o by an additivc term~ proportional to p 0 2

ThI s term:i, lower-IinF the~ pressure n car thfe bubble, i-herc the

sr'c-.-els of the 1l*,qul~d arc: 1^reat is1 so;7.ctirics arbitrarily called

thePvrw1 ternm.

A vt) O(.c_' ty prw Vi"Le I. nclwrmat:1cally repre.;ented In Fir. 4. 1;

and a -ro e 0e ' !thL? Trs~irŽ.! th(e vki nity of ail expaifndin,

(nv," 1It)'.*~(c ~:r~ rd:lo1 e lI of ti.;ý w ~hen1

-.1:. piI I i



the Influence of" the 3prnou).li terrm; at greater distances the

basic cau:;e of the decrease in pressure is its reduction accord-

ing to the spherical law !/r.

Let us now clarify the limits of applicability of the solution

obtained, based on the assuiptlon of the incompressibility of the

liquid.

AMA
tI

.. A/4'

j 4.4
.I j

Fig. 14.3. Reductlov, of the pressure
In a cavity durlrze.: its expansIon.

Fig. I4.lj. Velocity distributtion in ,
the vicinity of an expandinr sphere.

Fir. 11.5. Pressure distbiibution in
the vicinity of ai, enpind1nr- sphere.

iJhne].y, wv, shall no. def.rice the corndi•iton that thf chanes in

1,hr. den::i ty or tUw" liquid are s"mall.

Pro'.• 1!!f: l,,,z) o, :'1ftr, o' a I quit ( .1) w-, h:ive

Am p



For ivater, foi- examplei(, we therefore obtain that compressibility

7 may be I jnox'd in the case wher'e

Revwvit~lrir fol'nuIa (11.35) with rci;ard to relationship (41.32),
dv1termrih1)- u the ordori of r~r-rjitude (if the rate of expansion of the

P'~4 3Ci, .

'.~ ~~ Li.thc o .;esi It of a l1Louid III the prIobI.c.:: of' Ihe

................ 'i yi: T  ei:c If tile t'atc 0,1 o x~ C,

.1 ¼:cC':i .;.n '.~ ~ -jp'd a^' sou:.:ý' _'n

-ipher- '.:zctuculatitor mazy be perfor.-wd in approyirnation of liiicar

;1C ouS oA

W'e rtr'tc- th Ivriorinr. thc comipressibility of the liquid In

calu~ 4 :n,~the c~xpanoion of thc sphere and taking account. of it.

in cý0:-u7,tn,- thu radiatlmr, kre, not Inc~onsistent In tho r;iven

case.

Ti i)r -. rk r)' l ow rnil of expz~nsbo.io und-r considc-ration t~he.

.1 ~i:~r:~~"e~:~,,.;rb~¶*:~11,1n an. Ijsirmificant effec-t on the
* - ') ~ , '' .hr' 4.

-trr y Is s a l i I-i



equat.ion)~ (14.2i).

Consequrntly, In the gpiven ca:se the problem of radiation

Is subdivided Into a calculation of' the sphere expanslon, which

may be- perfovirod In an a,'proxitintiton of' an inicom~pressible liquid,

and ai sub.-equont calculation of' the radiai.lon of' a sphere, expan-

dirwh zicoor'dlrw, to a ln;i)aw In a conipressIble mediumi.

The soluti in of' the I'li-st pi'oWbei is, dces.ý.ribcd by formula

(I~* .( Sh.~~iI i ~v~;tlres~u]f.r. oir Irte!-vaticn of equation (11.16)

Into fo':ll~(1".12) 11, Js possible to find the pressure profile

Of thtiv '*~~~t~ b:.' th pht '

Ti, pr'a. 1 c:lci aI18coflv(cf.cr~t '-o reviritc fo'rm~ula

(14.12) wit~h t~hi- ald of' foe~rflam; (4.10) and (11.141) In the form

P - ro1,pl i,

Fir~. 11.6. ShehTntle prof~ilo of'
the CorMre'(81 en wave radilited
by an exj'andlInf splff'10.

Calcu1 i ~ o h *.1.L:I.a r:;eav it.y', cont.A:!1i1nr;- a f~a.-. under e lfeva I.ed

pre'., 811!-', at :l, I.A .1 1J t] .1 'o11r 1.n l1-~ p roe r';, o or v pn~inslIun ra dlat ('5

a1 WrIvW (I 8. of C 3aa. 'I..hort p-ir!esure pulse and a longer-ý

f, al V.. . . .~ t' i'l n a i ,j he p'i '-0 1.( 11 v ~I oci



whtlit the pr'c':;:mrc It, the c.avit~y I.. lower than the hydrostatic

pressurc, ¶ ho par'etactiein pulso 1.; emIttcd. When the cavity

snrh:'S shut a ectiny ý,sio,, pui.,', I.- crnltt.ed ,!L7,an, arid the picture

It Is po:.-l.:1blo to i.:~'a rri en. Iniate of the piarame~ters

of' the cor.pr1'c:.;1ori piii.-' In ii., Infti al *t,,- of the expans-ionl
p~~ R R. anid -1, /p,, -invordtii 1.(:i (4.3?). 14t-nr

p - . ~ ,iit1h.r:. o" the e

T~he jf J'c .. 'I~ r~ 'c!.td .I n t~h': co-rfl:.r-

whIrli rmakvC It. ei to detc~rmi:.rizn whait pnrt of tile energy, initi-

all~y storedl In the foii:. of the poteritial enerry 01- the gas In the

cay! ty

Is r, nve d by I I crJ')c.: , ;

'IV

by tilt



Section 3. Expansion of a Cylindrical Cavity in a Liquid.

We shall now consider a cylindrical cavity expanding in an

ideal liquid aecordding to the given law R(t). The pressure in

the Surrounding. 1 quid is p0 . We shall assume that the rate of

expan-xlon ins sm;rll in comrparison wlth the speed of sound, and,

corrovnpondinely, the radius of the cylinder is small In comparison

with 1 h:, chnv.irtrlste w.-ave length. The liquid .s assumed to be

at re:: up t4, the be,-nning of the expansion of the cylinder.

The ty pri,"!ti:t] ol- tho r.'.:iu~:: wi ch 1.9 put into motion as a

result oi the e:..pansion cf the cylinder in the case of low rates

oc c)l>rI,' ,:.V he o:trined by sumrming the potentials of the cler-en-

tary r7.)crres, erch of '.:h, for exoimple, located at a point x',

r. n rci .t of obs-•rvation with' the coordinates r, z the

poteI:t %1

drjF * _ _,4.v. V";.-i •- -- ( 4.39 )

where S iR Is the cross sectional area of the cylinder. The
neanlin< of the rcrm.aning terms Is clear froom Fig. 4.7.

The potcrn lJal created by a cylinder of length Z Is expressed

by the integr;!A

"(4.4i0)

F.n• ui'i ( i *b0) ]:i :, ,,ay i;e u:;ed for ('aiculatlin[- the potential

of a cy:,in 1.v I nfyij .'i le(ýn;th. Fov. this ',- .--,st z- 0 and intro-

it-, of, The,,
0)

'-r; ( , t " . - ,



Virs7) -r

P~assing~ to the liniits of intei-ration from 0 to Z/2, we j
rewrite% foirmula (11.)10) in the following formn:

* * )(~(~~q~ra '(4.1i.)

Where

C.o

Lettin.:, Ii ton" to infini~ty, w obta~in

.. (4.42)

,,!jch c-olyyclc, - v,,10! t the f& -nw o-r~ula for- the poteýr.r-tal

of an !r'1n*4 1.c T'~ir

Flf.r. 14.7. For calculating the poteri- I
tial In a cylindrical pr oblen. '

If v.e. Ililit ournclven to an examInation of the hydrodynan~c
vaiu'.,- i n fthr, vic jinity of' th- cylinder, In an area of low values?- of

I~~~~ herah . In i ru; I.ond of tho re~lntl ~oliships wri tten above
It Is p'~;i' i).e iin nliiplcrr approyl.r:;ztion fovrnulan, obtained by

(xprin.-Ilon (,r~ exz,o~t, f*!)...;,ii1 :- v:1,ith ;rp t to tho inamn.1 paramoefl'

r,/,..

1-tA



as compared to the characteristic wave length

Then in the case of the low rates of expansion under considera-

tion heore the formula for the potential (4.40) may be simplified

in the followinrij t.ay. Expanding the integrand into a Taylor series

with res;pect to a small phase "advance" c r 2 +(:; z,) 2 /0 for suffic-

iently late r:.oments of tlrne when t>%..f w2/4+r e ebtain

•(t- I- 7i577 1) : -:')i

t o) , t o ( 4 . 4 3 )

Perforainf- t.erm:1 by tetrv integt'ation, we find

: S,) '+ii'' ' * , .•,,
--------------------------. ""----...1......2_.i_+ ILX(,_;_ +, f.5

in n ,,a-'"rýr'r'a r to the cylind.r and passing thra'ouh

its center (z = 0)

9 =- .t(s) __,_-_I' _-_-'I' + ()l

-T 4+ (4.45)

We shall now examine the two limiting cases of this formula.

Let Z,<r, so that

4.,tr + 4-te- ... (4.46)

I"-, on th., o.her', r hand, r, I

•----- n-- - •: -, .. (4( .117)

Suf ~ ~ f I.t f 1, . T•m,11n I l.l[ 111i.0 (11.1) N11,1 thon ass"umii i,



iI
r - R, we find the prossure on the surface of a short (in coirpari-

Lon with the zwave lenj-th) cylinder

Io n - o (4.48)

Let un; nov;, cons~ider a cylinAer of Infinite length. Substitutini-

C (t- t)
cosh C in formula (11.112) we obtain

Arch Lo---
pr

2n (4 .49)

C0 t 2c 0 t
Bearln:- In rii .1qi; whetr r/cot,<] Ach In - and,

In the casci of interczt to u:3f!(t) = 0 where t<O, formula (11. 49)

r;'• be Ic';r•,•.(;ri in t.*, . forr-

Expanding the integrand in series and Intelrati-ng tCerm by

tern, we obtain

-r ((4.51)

In the partlcular case of t~he expansion of a cylinder at a

constant ral.t 'Prom for:.,ula (1.51) we obtain the relationship

4= - U21 III +Zr• -F 1 +~ . (4-.52 )

Whero:rc, uzi1". tir.C• i:riera l co.tection between pressure and

veuoc it:y .Io-r~tfu] (i.), we fInd

,,,,0PO ,,( .5s)-'-



It is Interostirv, to note that wJthin

the franework of' the approximrt lon under

bonsideration (a low rate of expansion) IP

this for-!ula satisfies tlhe exact -,imi-

litudc eouation of the problern of the

expanslon of the cylindv- at a con:stant

rate, cited in [6].

Srrbstltut.: !, for.-.u:1) (11.51) into re- -Ut.'

lati•o! -h.-.:p (01.5) ..-nd az:;,,: n•' r = R, we

obtnaon:,,- fcr the. p'-S•M..u1 cxi'ted :-'i•-. 1e.8. For cal-ula-

bY a :;.::diur on an exp::iing cylinler. ting the radiation of
a cylinder.

,2i s for:,o: o s •11 oalIcablc iF the "'-., of expansion of a cylin-

der rot , P/ . 3 and Its- ien..1•th is much greater than the

"". .- :.;.: urn tn a cale';3ction of' the acoustie radiation

of a cy; indr.-Icrl ca-vity cy:pandini-, In a liquid. We shall consider

the channel to be a set of point sources. Then ageneral expression

for the potential of the field created In the liquid by the expan-

ding cylinder is given bey formula (!!.o10). If we consider the field

only at a suffl1cient dis•-,ince fror:i the discharge, in the Fraunhofer

zone, this for:,Iula, as Is known, mriy be rewritten approximately In

the for;-!

4

C .' C)

-4 .r55)

-r 0, J- distan c to thi.: point of observa•.ionwha T', 1 ' tO ' ..•: 0 r r]: l e ) d r fit, F• e t14.

1i.•:' ai : :)•• ,., Lo f'in)d ihe pr.;,::•)ur~r Ira 1,.he rad~i:,tec1

I r



T

1 (4.56)

where'

PS _E +----- 0
to "..

r4-Ic•Oi

For thu dlreition ucruend:eular to the axis of the charnel

0 =7i?, cos 0 = 0 and fro'. the f'irst half of forr:u]a (4.56) tie

obtain JmmcdJately

For the case of a short. cylindler the maximum phase difference Z/c 0

of ýh: v]s v-d•ialitd h, thc, d.ifferen¶. ends of the cylinder is

s:v:al .il coin ;±rlon with the pulre duration r,Z/c 0 T4 1 . This

r.ahes3 !it po'.-•Ib1e to cbtalIn a :;!,-pie appr'oxi:ation formula from
(4.56), if we expand the interrand into the series

~C goI, to0. + .

After integration, omitt~inr the now superfluous zero index of

the coordinite, we obtaln

(41.58)

Uz;iri!: (41.58), i- Is easy to calculate th, radiated acoustical

ener,-y', t nt1•re: t i t±" £ : o f enjerF;-y w.! L; rcspec'. to a spherical

ref•,i'ric. .• r.i:%c.c and .:0.ih r(2rect to tirme

WO, 2f ~ dtf2ari- Od 0.

0' 9



In the case of a cylinder long in comparison with the wave

length, the phase difference of the signals emitted by the different

ends of the cylinder is great and formula (4.58) cannot be applied;
in place of it, it is necessary to use the exact formula (4.56),

the transverse signal, naturally, being described by formula (4.57)

as before.

The total acoustical energy radiated by a long cylinder
may be calculated according, to formula (4.59), in this case using

the Parseval equation

S(p- i~o)"1 t L• j s(,.), O)r"d~o,

(4.60)
where s(w,,) is the spectrum of the signal emitted by a discharge

in the direction 8 with respect to the channel axis.

This spectru!;': may be deterr:.1ned to the formula

AtsU n(,) --z-
S(too 0) S-) (4.61)

where At = All cos 8, n = , which represents the signal spectrum

of a system of n point sources, arranged at a distance AC from

one another. If we let A4 tend to zero it is possible to convert to
a continuous distribution of sources on the length Z. The quantity

s(w) In formula (4.61) is the spectrum of an elementary signal,

coinciding, correct to within a constant factor, with the spectrum
of the signal, emitted by a channel in the perpendicular direction

.v ( ((4.62)

whe,; p= - p 0 when ( = it/2 and at. a d. stance r from the
ch}ar:r~ei..



If we assumo, for cxamplv, that p1 (t) has the form of a
rectangle with the amplitude P1 at a distance r and with the dura-
tion T, then from formula (11.62) it follows that

(4.63)

Substituting (11.63) into (11.61), after integration we find

'1•:f~u~ (11.611)

Turnliug now to forr;iula (11.59), we find the acoustic enerry radiated
by a c,,rinder of lenrth Zo•c01 under the condition theft the expansion
of tho ý7.11i~dr.r ',:; .,uch a rcctan;;-i'aar pulse of duration T

and aiplitude p, at a dist-vunce r from the channcl is radiated in a
dx,.. Lc,'_ .r F ; ul r to tij channel axis (121

T. --'- " , (T .65)

We note that in the ease of a rectangular approximation of the sig-
nal, calculatlon of the radiation may be performed comparatively
simply and by d,:!-'ct sui'mzition of the elementary si!,nals emitted
in a given direction.

If we approximate the shape of the emitted compression wave
In the direction porpend1cijar to the channel axis by a Gauss curve
with a constant decay i 0 i.e., we assume, that the shape of the

-Irital ")t a di:itanee r from the dischare in. Is described by the

forlu : 1a"

4 . ( )

t}•'•, ": "', ,": ;; ;;!: ',:,l , .•:. t•., •},. •',,• .'d ,."1,:ld]'; t.,) the Follc;,;-i

-t n I ..... . ...... .... .. .. .. .. .. . .. .. ..t 1. .. ...



IV,--- + 0,42 + -! . (li 0.67)

Section I4. Influence of CompressJbIlity on the Process
of the Expansion of a Cavity in a Liquid

We shall now turn to an examinatrion of cas;es where the rate

of expansuion of a cavity In a liquid is great (R0 - A) and the

density dl.turbnnces caused by the ezpansion of the cavity are

si nifican!.0 Fi"rst ' shall conoidcr thc? case of a spher:ical
C.a'vi•ty.

It As not Po-'vble to obtain an. exact solution of .'.,,.e probloýri

of th... exi:.,nsio,,n o' . spher~ceal cavily in a liqu:'d that reduces t0.

the n1 or. of 'hc, hydroed:,.,i'•:';I c 1 oua nc:,s, vh'* ch 'orcc, us to

use nun.zric ],J. ov i"-p,,l.zat .c: ,ethods.

'ih::• ?M:i: -: ."L '~ aetn~ý.', [5n c.•hCA they dee\ . opel in

rinv••t!ti '. unuer ,:atr' cxplr.!ons, .is a very effective &prox! .... l

mvth'c1 Of,~2 ~c .' rb i. ol* splt-rjcal (,mjl cylindcrical ) £~;

If instead of the veloclty potentffai o we introduce 0 = R9,
then equations (11.1), and (11.2) may be transformed into one equation

of the forn [5]

(14.68)

whore

c (p)

Inth(- caso of s.;nill d1l, t.,rbanicc: wherre it is possible to

.1 nrior C] •-�1 d' t 1,c 1t-ri.:. eq ation ( 1.63) e . Ž'ducc3 to a wave equation.

'[' : 8rorir:8 t}L. :n Ihi, cr18': Ihnh v:Alue,"; of ¢' a.r1 . "shifted1 " at th,
:;' i:' "U' .h,.'' Q0::c t( i 4C ~b 81:;;.,d ;f' 2Oll•,d in an iIr!C. 81,u'Led•

.1 ] .1 ;



obtain a solut~ion of' equat"con (11.08) In the form' of a translational
wave. ?Heverthelesm, KirkwoodI and Bet~he assumed that the value*

Iii this (..,s( proptijgAes at the spe'ed c =c + v similar to the

way In ohi ch f'1x(c values of* pre.nw-mve nnd velocI t~y propalate in

a p] ari hi cirain W" ye.

Th: ronno tIb,,I thr" v.1t ; o projm!jzir~z at. the speed

w'm'r.' h -1:- theý -pr'c ifi ('rI h: 1 py , dot ec!: A rid by +,he fo) i~wiTu2

(34.70)

0 (14. 72)

which 1- theý basic eqluat Ion of'" thiý. theory. We em~phasize that equil-

Li~on C ~.;)doces not derivo fr-,!n the? equatI ons, of h:(drodynaml cS ;
ji.(ýnd(r, ;~ gOIi~ hP I 1r nu e;~fi hypotheUsis, Just ified

hy th' -u ~ ()-re:'c.of II .:-,. cjin~ il he 'mlt of'r;eI )

Thl:* r ot(p i ?'ir beý revnritt,ýn Iii t adl ffel'c rt forni

"ci, cul't thil Sul'r- o Tlexvil

e.wdue from M
bes eh l co!:_



Sub.Mtitut:1rr formiula (11-73) Into (14.72) and then elmina-

tinr the part.1%1 dorivativvs with re-sriect to time and the coor'-

dinate' with the aidl of the relatienships:

Ar (41.74)
O~Sds

ob*.:i.:'o'~ e.. .1 e (4. )ý * nd! * and r ,e forviml i fro- the

oil ri C5
l 1

On t~hf- surfncf or thc -phfere r R , v -Us h = U; consider~inrj

als~o tlvýt C c + V, we obl.a 1r fi ..tA ly

+ (41.76)

If the: Irwe of. expars~i-nin ~f' thc. NO-r C .) i.s knov.n,

v quo ri .1 )- (11. 76) rsdI:pr it ;~ ~'~o1'',r)i ' the valu a i f the

crI ha ei1;. n hc- *~<,V'of 'Ae i-.h ' C a a." n w ie1t .tion of t I rý' ,anld

to ;-AI.her ~ .t .h ~~.r'cxert.-] by 't c~o-rj .vt c; ) I le O ria

cr) abo :. i~ I

.1 -fi -:j.



(4- 77)

Relatir.--h-I ~; ii-s (, anl (11.77) mayv be conside'red a& a gecnrall-
:.i.1. or Ipp.1: 1 vi (- p it Iel~e f'or nii Incoriproosible ulud.

An-'yl~'~'n :~' (11.70) nYA (11.77), the influence of
e. i ar n !.:c:±se In presstmrr on the surrace. of

~, .~ai ~ ~ The v'i:it~re th'; pre~osure dcrcastý with

* ~: /. ' , i t '.?'I ?t~ 'c n pe~ YPwi 1L1 a rrowat h I n

* * e~~ ' of tl.c fuluid ~ adrp

e." vh' :-1. 1. t. o e % c

'~-. >1 ~~:'-1~' ;ou~.!e vcr, In !-he c~i-p

h, r, (N *

+I A3 111 -L + 4L
:. R- R a -OF (14.78)

Tt is proz:7h3 e trý hbivE an'nt~hcr sirp;lfication of equation (14.76,)
rb'; iL.- L (-i,'!ns1on of thIs r.,iuaitlon lwuIth re.,11pcct to the smnall

1," nnrd with t.i~unc. of the appr'oy.1ration expression for

z It 3 PC-ý V pit(4~.79)



calculating the process of sphere expansion.

The basis of the method suitable for solving this problem,

in the' presentatuIon of which we follow here [81, Is the assumption

that the function

G~ r h+ (18

propa-..es with tl:e speed c = c + V.

Thvreforu, If the value of this function cn the boundary is

known, then it ray be calculated at. any point in space.

Yhu;s, thc ..... cblem . s di':ided Into two 1i;: 1) deterrn 1niIn
thtŽ l:unction M '.on the surace of the expanding sphere (t is used

to dc..:rmne .hvj tire rý,ckrnod on th.- surface of the splhere); P)

d*,-" A• thE f'u:•rtiom CC(t., r), niau to1-eth!.ehr with At the othlm

hydrc;('ý,,i::,1c v:,Iuis at an nrbltrary point of observation.

If the motion or the sphere is given, R - R(T), then U R

is know*'n, and the enthalpy h on the surface of the sphere may be

found from relationship (4.76), which also completes determining

G(t) on the surface of the sphere.

In correspondence with the basic assumption of the Kirkwood-

Bethe theory (:;e [5]) the value of the function G(t, r) at an

arbitrary point in space is determined by the relationship

; (t, r) G (I, 7)-G (), (4.81)

whereby

r

r .; l" ih., t.:'vr ,'r, t •I, (0i:;', livce5 n aiaIl. in com r)1r-in:;on wv 1,h

I V.. :' ' ,' . •' '- ,.!, ; ],:. .



I es( 0Z") (14.841)

where

r;d r f, I *5' * (ml r Ina~;d that- t!hc
Viinct.ion vi; 'ema jnz. const1alit.(in i -Yt ,,I. 101 -olw obcal ri

IIr

th(e

2 In* -f~~3

vWli:re , ;iccordi.r.fg to f'ourul a (14.83)

purd,(+ (4.87)

= Pt ;) (14.88)
We no,,-1!~ r~) z thir so]uti on obtfilned.

Tf' 1A2 i ivLýc :ir- T'i aiid At Jrp88il to Iii-ore Bv
I i~ rc;' wii I aui"in r~i flrita 1a (4.9"3~)), the'n I nstead of fo rm,,i-



the surface of a r;adiatini' sphere of radius R to the point of

observatJon R does not depend on G.

Consi eration of the followinjý term in the expansion of the

dCJ!noiinalt.o of for-:itu:a (1j.81) in Ov leads to the solution

I-I=r--R C 2 ri-•

all (4.90)

1In th;K , p ro:< it:'en, :,r- t--F . ...: .. to be a 11near

function of . :-'., it foll ows thai. , in cL:ntrnst to fo,.'ula

*.89) * s:!:: soau~ e:'•" describ,-s n wa.,, t"lc- r.•vcf1le of' which

It is Intere:.;tinzi" to note that th& solution of (4.90),in

t ",~~r c' .. .. r"" l. " f tj c X..;, :inte, ,, ,,,tion

^ o tt! A,::::•. ", ::• ,," ,"to a sc-r'o, nlra •'on t..

res Ipect to ,v 19, 10].

In the general ca,';e for arbitrariy disturbances formula (4.86)

matkes it p0z2ible t.o determi~ne t as a function of C,, R,and r and

in the samne way to find the field:-" of the hydrodynamic quantities--

the velocity, accorl!dinr- to formula (I1.87), and the pressure,

which may be expresscd by the formula

"--T Di.± ~ . (14.91)
I) I

An an i1usztri.tion of the method discusu;cd we shall present

the result of a culaion of the radi,rft ion of' the compression

,w. v(e of' a :nher'e e,'rrinni•rn uridrr the inl.uen(,ne of the pressure

o" the r-r; eor..a;n-.d in it. T'ho solui lon of Ohils probleem is

)Ined :. h o'd the KJUV'.',mod-L}cthe iheory (see [8]).

I 1 ~ ii*'.?(~n . ~ III);'lw v V 11110 of* t.tlr.'



function (T(t) on the surface of the expanding, sphere wai deter-

mined by numerical Interation of the system of equations (4.76)

and (4.77) and the adiabatic equation

PO (II;S (4.92)

where R. and p, are the Initial values of the radius of the sphere

and the pressure in it.

The the profJlc,,, of the pressurc at different dýstances frorn

the source were calculated according to formula (1i.86) with

re.tpect to the known function G(T).

In the case of sufficiently high Irtial r'as pressures the

pressuru profile e•1culated becoes ambiguous, which signifies

, , i of sh(,c': wavez.

The.Ir position and the o'a;;zitude o their distortion are deter-

lr'dr�'d:C:,•.flk,; to the :-clutilon obtail'ned ; _th the ald of 'Urkin;-

JIugonlot relationships, which, In the ca;e of low Intensity shock
waves, reduce to the simple law of "equality of' areas" (1].

A typical result of a calculation is shown Jn Fig. 4.9,

taken from [8). Curve 1 is plotted according to formulas (4.86)

and (4l.91) where r/R = 10- 4, R - 0.1 cm, P1 - 105 atm, and curve 2

represents the profile of the shock wave forned.

The expansion of a cylindrical cavity in a liquid with great

rates of eparision naTy be e:.:amiind In -. imllar fashion.

- I "-



,ai

I

It Fig. 4.9. Formation of a shock wave
in the case of the propagation of the
compression wave radiated by an expan-
ing sphere.

2 -'

Tt is assumed that the function C r (" v2S (h+-T) propagates

at the speed c = c + v and, correspondingly, s,4tiafcs the equa-

tion
PG d

This equation may be transfor;,ted and, beinr applicable to the
surfac6 of the expanditir eylindc:r, is written in the form

us! ) U, I If U )+

+ -- L I "-f"" (4.91)

If the law of the expansion of the cylinder R(t) is known,

equation (4.93) makes is possible to calculate the enthalpy, and
torethihr with it with the aid of formula (4.77),the pressure on the

surface of the cylinder as a function of time.

The distribution of hydrodynamic values in the vicinity of the

cyl.indrl. at distances which are short in comparison with its length
also ri'ty be found with the Kirkwood-Bethe method.

In fact, by using the condition of the constancy of the func-

tion (G in the process of wave propag:atlon and with known values of

this function on the surface of an expandinrg cylinder, it Is possible

to dc•'1or" 1rno il:; v ,Ill t:c ; t ho:;e ,',oints In ,i)ace whore the waveV
.r.' , b' r,:,:;i (Ir(,'.(' 7 ,0t e b :yi .vindri al.

' t I.' ;i i ~ I CI .lii I ! ' ', IllI



I I (G) + G• 2. C' [ + 11, U! +3,

43(0 .1 0'.) + 43(1 --1 •) P+1 + (4 95)

In this case the hydrodynamic values are connected with the

auxiliary function G by the relationships

1

, , .{(4.96)

which also makes it possible to find the spatial distributions of

these values.

In the cas'ý of moderate rates of expansion formula (4.95)
is sirmplJfied

-"r -zA- G-- c(r,. - R-2(4gs

in agrcement with the well-known result of linear acoustics [ill:

In the case of low rates of expansion (Sv+o) formula (4.95)

transforms Into the well-known result of linear acoustics

,-n 7=i(G). (4.99)
ft
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CHAPTER V

THEORY OF THE EXPANSION

OF A DISCHARGE CHANNEL

Section 1. Introduction

The release of energy In a discharge channel induces an increase in

pressure In it which leads to the rapid expansion of the channel,

accompanied by the radiation of a nonipression wave and the

subsequent formation of a pulsating gas bubble.

In the process of the expanslon of the channel the walls of

the channel may be considered to be imperneable for the liquids

surroulcldni-r It, This does not. mean, of course, that In ccnslderini,

the processes inside the channel It is possible to irnore evapora-

tion of mTaterial on the channel wall, but,by virtue of the sifml.fi-

cant difference between the densities of the matter in the channel

and in the liquid,evaporation on the sheath of the channel, being

significant for the processes inside it, leads to a displacement cf

the boundary of the channel in the liquid which is insignificant

against the background of rapid hydrodynamic expansion.

Another important characteristic of discharges In a liquid is

the fact that efficient mechanisms of heat conduct vvty--radiant and

electron, leading to rapid equalization of temperature along the

radius of the chatnnel, act inside the discharge channel thanks to

the high plasmpa density, while less efficient mechanisms of heat

conductIvity act in peripheral areas of the channel, which leads

to a slow heatinr of the matter In this area and, correspondrnily,

to a rapid tempcraturc drop on th, channel boundary.

Thr, abovc,-i:int.Iond ohfsraceInt lea (f the phenomenon rako,

-II -1.-



describing the process of channel expansion.

We shall consider a discharge channel as a cavity in a liquid

filled with a uniform plasma and having a sharp boundary with

cold liquid. The amount of plasma increases in the process of

the dischargýe due to evaporation from the channel walls. We

shall consider the temperature, pressure,and density of the plasma

to be constant along the radius of the cavity.

Limiting ourself to an examination of discharges with moderate

currents, we shall Irnore also the marnetic pressure in comparison

with the gas kinetic pressure and the influence of the skin effect.

As a result of the release of energ-y,pressure in the cavity

rises and It expands.

Yn the process of expansion the hydrodynamic and electrical

chL.aracteristics of the discharge are connected by an energy balance

equation, the solution of which makes it possible to deterirIne the

dependence of the radius on time, the pressure in the channel,

the parameters of the emitted compression wave,and the pulsating
bubble according to the given mode of energy release, determined
by the-electrical characteristics of the discharge [11.

Ignoring energy losses due to the radiation of light and heat-

Ing of the liquid outside the channel in agreement with the results
of Chapter IiI, It is possible to consider that the energy E released
in the form of Joule heat is expended in increasing the intrinsic

energy of the plasma W and in the itork" A over the surrounding,
liquid perf'or'!-ed by the channel during expansion,

III + A= A. -(5.1)
An actual calculation depends on the relationship between three

di •-ijzional s.ales: the leng-th of the di schar:-e gap Z, the characterl,--
tic; channel radius R0 , and the characteriotic wave length X, deter-
min-inig both the narture of approximnations in examlniln'ý the hydrcodynin;loc
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phenomena, and also the choice of one or another hydrodynamic

model of the discharge. Several models of a discharge will be

examined.

A spherical model of a discharge, applicable under the con-

dition Z<R0 X , a model of a short cylinder (R0 Z4X), and a

model of a long cylinder (R0 - A Z ) will be examined In an approxi-

mation based on the smallness of the drnsity disturbances (acoustic,

or an npproximation of incompresslble fluid).

A sphericalmriel (Z-4A R 0 ) will be examined in a nonlinear

approximation considerinr the finite nature of the density distur-

bances.

Section 2. Spherical Model of a Discharge.

Let us consider an electrical discharge in a liquid, the

length of the dischar!7e gap of which is small In comparison with

the characteristic channel radius, and the latter, In turn, is small

In comparison with the wave length, that is, 1 0 • R

The fact that the characteristic channel radius R Is large

in comparison with the length of the discharge Cap makes it possible

to consider that the shape of the channel is close to spherical in

the dischar;e process, while the smallness of the channel radius

in comparison of the length cf the radiated wave means that the

density disturbances of the liquid produced by the discharge are

small. In addition, from the acoustic point of view, such a dis-

charle it, similar to a point source of sound, which provides the

basis for callinr such discharges point dischartges [2].

We -h,01 (xarcijne the ene.r,-y balance equation (5.1) as applied

to 1.h,,- e of' a point dIsch:*!i'Ie.

S... '..' (: ,' €Ci; t,. ITT), t ,ho lntrinslc en•rr'y

- . l fl t:, _ h



approximately by the ordinary formula for the energy of an ideal

gas

W PV
-i- (5.2)

where p is the preosure; V is the volume occupied by the

plasma, V 4/3iiR3 , R is the channel radius, if some effective

value of the "diabatlc indce., equal, for example, to 1.26 in the

case of a plasma formed fro:nt water, is used as y.

The expansion work is equal to

V

A = [ pdl. (5.3)

The enor7ry E(t.) relensed I• the channel is determined

a-cord*-" tn the electrical ch'racI;Lvi:•Acs of the discharr~e--tht,

currern. I and vnl.n-e TT in the dischare Fap t

t

- 1(t) = Jul
• (5.4)

The pressuure inside the channel may be expressed as a function

of the radlus of the chann-l and .its derivatives with respect to

time may be found by solvinr the hydrodynamic problem of the expan-

sion of a spherical cavity In a liquid.

In the case under consideration H0• 04, this problem may be

s;olved in aDpproxii-ticnt of' an incomrIessible liquid, since the

denf=ity d'oturhar:ces of tlye .liquid nre srzallo

A c- r' p'r. . : aol utlon wu, ohl-rained Ir Sectlion 2 of Chapter

TV; lrnorl; ! " .'ýsnt: i 1.hn 11n]tiI.nt r'b ,. 31 d In Cmnup :LsoI,

S11th tp,' 'rh,. r',, i1 I1ho J I n."', In thlia fov!'ui , w, ob"tai'n

,-1 ll



U11 , W -- ,' "(5.5)

Substituting (5.5) into (5.3) we find the work of the

expansion of the channel

Y i P11 *

Aw•f 4 I, jj r a. - •-(5.6)

assuriln(, that V(O) = 0.

This result may be interpreted In the follov.!nf, way:

A is the work expended In increasinfg. the kinetic energy

of the virtual mass of the expandin, sphere,

A -p.4i n .R (5.7)

Substltut1:-. (r. ), (5.5), (5.6) Into (5.1), we obtain the foile*.:-

In, equition:

•V._V-- v,=•• •,() (5.8)

In this equation it is possible to ignore the second term

havin, a small coefficient. It Is possible to verify

the correctness of this approximation if we compare the different

terris in equation (5.8) by usini, the results of numerical Jntegra-

tion of the simrp)lified equatlon.

Therefore, we shall use the following- equation below

vjI':= ( 'r- 0) 4• I ( ) (5 -9 )
P4

I:, -;hOnll introdiii(c the dlmo n ionile:ss variables

1 I -I(5 .I)

- I 3',-
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In the discharge channel during the time T; R0 is a unit

of length to be determined.

In the new variables equation (5.9) acquires the form

(5.11

We shall choose R0 so that the coefficient in the right
member of equation (5.11) becomes unity

le 3 7 1 -r Tr- 0.:0,,620E. (5.12)

This relationship exactly coincides with the previously

obtained expression (3.5), determining the order of magnitudc

of the radius of the channel at the end of the discharge.

This means that the new unit of length introduced by rela-

tionship (5.12) has the sense of the critical channel radius.

The equation ootalned

WX (5.13)

For numerical calculation can be written in the form of

the system'

(5.14)

From, physical considerations it Is natural to choose the initial

conditions in the form

z *O, V0 , , (5.15)

where, v = Rstr/ R th1, Jnltial radius; of the channel. In

s-t3<-



correspondence with the data in Chapter II it Is possible to

consider that the streamer radius Rstr- 10-2 cm. A precise i
determination of the initial radius is not required since the

expansion process basically Is determined by the conditions of E
enerry release in the channel, and not by the initial condi-

tions, which the system rapidly "forgets."

Equation (5.13) together with the initial conditions (5.15)

completely describes the process of channel expansion if the

function f(x) characterizinc the mode of enertV released in

the channel Is known (for example, from experiment). We note

that thanks to the special selection of the units of time, energy,

and !cnj'th the parameters of the discharre do not enter into

equation (5.13) In explicit fashion; their Influence is exerted

on the enuation only throuOh the function f(x). It is possible

to state, therefore, that all d'scharges characterized by identi-

cal modes of enerry release (identical f(x)) are similar in

the sense that they are described by one and the sane equation.

In pprtic'dar, as was menticned in Chapter III, for all

discharres close to critical, the appearance of the standard

law of energy release--the function f(x)--is identical, which

points out the similarity of these discharges in the above-mentioned

sense.

We shall now express the principal quantities characterizinr

a uniform spherical model of a discharge through the solution

of equation (5.13). Since the radius of the channel is

it . Bo,. (5.16)

then, substitutin;: this relationship Into (5.5) and using (5.14),

we find the pre-sure In the channel

S- I(5.17)



where

-A.

The work of expansion, according to (5.7), is expressed

by the formula

A- 2xp@-', (5.18)

and the intrinsic energy of the plasma in the channel by

Wx M_-'-I.I(z (5.19)

The density disturbances of the surrounding liquid aris-

ing In the discharge channel propagate in the form of a spheri-

cal compression wave. The profile of this wave may be deter-

mined by using the solution of the problem of' the radiation of

a sphere, expanding according to-a given law in a liquid. In the

case of the small rates of expansion under consideration here

this problem may be solved in an approximation if linear acoustics

(see Section 2 of Chapter IV) where the velocity potential of

the radlated wave is determined simply by the bulk speed of the

source (4.11), and the pressure in the wave radiated by the

sphere is proportional to the bulk acceleration (formula 4.13).

Designating the excess pressure created by the wave as

p below, on the basis of (4.11), (4.13), (5.14)and (5.16) we

obtain

P-N113 g (2). r ~ (5.20)

whereI '

S, Oi SA COPY,from -It :') B-'
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We emphasize that the formulas given, based on a solution

of the energy balance equation (5.14), describe only the leading

part of the wave radiated in the active stage of the discharge,

when current flows alorng its channel and energy is released.

Knowing the pressure profile of the radiated compression

wave we find the acoustic uecrgy removed by this wave

II'em4nrt--dL = 2!•,.* (5.22)

where 

IWO

In calculating" the acoustic energy integration may be taken up to

x ~1 in view of the rapid decrease of the integrand. In addi-

tion,forP the function f(x) given in Fig. 3.13 , J - 1.

It Is useful to turn our attention to the following feature

of the aboveogivEn formulas for the hydrodynamic characteristics

of a discharge: according to their *tru~ture they consist of

a dimensional constant and a dimensionless function of time. In

addition it proves to be the case that the orders of magnitude

that can be described by these formulas in practice are deter-
mined by the dimensional coefficients.

The dimensJonless functions of time in the area of the

maximum differ from unity insignificantly. The peculiarities of

calculation noted are connected with the choice of the scales
characteristic for the processes under consideration as units of

time and lenrgth.

In prlncJple t~he forini,]is presented above ,(5.16)--(5.]9) and

(5. 2(0--C . 2) ,mririk- it pos:;iblf2 to cn]cul:tte the hydrodynamic

'hnctr~i~tc )of a diIch;,,,e If 2,Ij mode of energy rcleased

e~h,.'i etor~~ .' , 9, hi.' b- • I" ll y r f'(x) 1,; knot-inl.

-139-



In particular, for all discharges close to critical, as

was mentioned in Chapter III, the standardized law of energy

release is identical and is described by a function, a graph

of which is presented in Fig. 3.13.

Correspondingly, the dimensionless functions entering Xnto

the formulas for the hydrodynamic quantities also are identi-

cal for such discharges.

There 'ore, for calculating the characteristics of such

discharges it is sufficient to know only two parameters--the

discharge duration T and the total energy released during this

time, E, determining, according to formula (5.12), R0 , and

together with it,the dimensional coefficients of the formulas

cited above. Also it is possible to eliminate R and to rewrite

these formulas directly in terms of the parameters T and E.

In this; case the hydrodynamic quantities are described by

the formulas:

channel radius

-.L
A-eP* (5.23)

pressure in the channel

-e V-+ -1, (5.24)

pressure in the radiated compression wave

P=,, E- -- '(5.25)

i'adlated acouztic.Ii enorry.

I V . , aB T T I, ( 5 . 2 6 )

-1 '10-



where

It Is Interesting to note that the time scale T enters

Into (5.23) to the same power as in problems of an intense

explosion or the slamminr of a bubble In a liquid.

"In turn, In the case of discharges close to critical,

the param:eters r and F may be approximately determined accord-

ing to the formula

r-C-X C, E -. ! (5.27)

(see Table 3.5), which makes It possible to calculate the

dependence of the hydrodynamic characteristics of a discharge

on the parameters of the electrical circuit. For example, the

pressure in a compression wave, in order of magnitude, is deter-

mined by the formula

p=: 10-3~ atm

if r expressed in cm, C in f, U in V, and L in H.

An Important characteristic of a discharge Is the amount

of its electroacoustlc efficiency,which is understood as being

the ratio of the acoustical energy radiated during the discharge,

to the total energy introduced into the channel,

u., I) r. j , -.t' P '-- I

& (5.28)

It Is obviou., that the efficiency lI proportional to the

rate of expanzlon of the., cha.ttrie] R0/T, depende; on the value of

the effective a'hh;b1,i, lIndex for the rlama of the, dizchar1re,

weakly dpon;s oni tht am'ount of" enci•y releasrd E,and inf:lcI'SaOe

- I; -
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with a decrease in discharge duration.

For the discharges of moderate intensity under considera-

tion here, n - 10% (values of the parameter, typical for such

discharges, are given in Table 3.5). In experimental conditions

it is convenient to perform a discharge along the surface of a

rigid reflector. The influence of this surface also may be

considered in a calculation. We shall examine, for example, a

discharge taking place inmediately on a rigid plane surface.

If as before the electrode gap is small in comparison

with the characteristic channel radius (and the latter is small

in relation to the wave length), then the shape of the channel

will be close to hemispherical.

Correct to the effects connected with the formation of a

boundary layer, such a discharge Is equivalent to half a spheri-

cal discharge in free space.
4

Hence,it is clear that the hydrodynamic characteristics of

a discharge near a plane will coincide with the corresponding

characteristics of a free discharge of double the energy. eI
They may be calculated according to the formulas for a dis-

charge in free space if in calculating the quantity R entering

this formula,instead of E in formula (5.12),we substitute 2E, and

in addition, we divide in half the amount of work of the channel,

the intrinsic energy of the plasma,and the acoustic energy,

in the same way considering the energy found only in one of the

half spaces.

Section 3. Short Cylinder Model

If the leng•th of the electrode pap is great In comparison

with the" radius of the channel, but small in comparison with

the wave leng-th, that is R0<Z A, then in the discharge process

-i 1?-



i

the channel has al elongated shape, which makes It possible to

use a uniform model of a short (in comparison with the wave
length) cylinder for describing such a discharge.

The calculation is similar to that performed in the pre-
ceding section (see (1) and [31).

The energy E(t) released in the channel basically is expen-

ded In increasing the Intrinsic energy of the plasma

IV - ePSI---1 (5.29)

and In the work of expanding the channel

06 6530)

where P is the pressure In the channel; S is the cross sectional
area of the channel; Z is its length.

The pressure on the surface of a short cylinder, expanding
with a speed which is small In comparison with the speed of sound
In a liquid,was calculated approximately in Chapter IV, formula
(4.48). Ignoring the equilibrium pressure In comparison with the

pressure in the channel It is possible to rewrite this formula
In the form

P -p-L n

"- - - " -(5.31)

Substituting (5.31) into (5.30) and bearing in mind that

P$ d L' I I

we filnd



//

A 11,81.1. (5.32)

Then substituting (5.29), (5.31) and (5.32) into (5.1)

and cancelling Z, we obtain the energy balance equation in

a calculation for a unit length of a channel

2SIt~ 2-J~-l2u-.i~z- .2. (5-33)

We introduce the dimensionless variables

5fLt. /Q () it

where T, E,and R0 are respectively the discharge duration, the

total energy released in a channel durinC the time T, and the

charncteristic unit length.

In the new variables equation (5.33) acquires the form

•'T. ,r s, (_--()-- r •E nx "
~~7V1I1 YIT1 1)

S(5.34)

If the length of the discharge gap is chosen a6 the charac-

teristic unit length R0 , then this equation may be rewritten in

the following way:

YL I (5.35)

- (-1). r2EThe dimensionless coefficient --- ) - may be con-0 ir Z5

sidered as a 1rmilitude crateron in the sense that discharges

characterized by -z and f(x) will be described by Identical

In pr-activce, howrev', in a caculalliol of the procezs of
I-. ,,n i''.'.::1 'nt not to choo ýe Z I s

-1 ]~ 1.I. A



in the right hand part of equation (5.34) equal to one and has

the sense of the characteristic radius of the channel

' j -rO (5.36)

Prom a comparison of (5.34) and (5.36) it is easy to

establish that the dimensionless similitude criterion is no

other than the fourth power of the "atio of the characteristic

radius of the channel to its length, that is, this Is a criterion

of the geometrica] similarity of discharges.

Selection of the dimensional scale of length in correspondence

with formula (5.36) leads to the following form of the energy

balance equation:

[1 ]
77 1 '-.y I a -4 "* (5*37)

An estimate shows that the second term in the left hand

part of this equation is small and may be omitted.

It is possible to verify the correctness of this

approximation by means of a comparison of the terms of equation

(5.37), performed on the basis of the results of numerical inte-

gration of this equation.

Thus, from (5.37) we obtain

d ~I(*

ROY• (5.38)

which rnay be rewritten in the form of two first-order equations

*-1 'I'-



dss

dy s7w- (5.39)

From physical considerations we select the boundary condi-

tions In the form:

' O0, of -Y, *---O, z-Y#-.O, (5.40)

where y 0 is the initial radius of the channel.

If the mode of energy release in the discharge channel

characterized by the function f(x) is known, then integration

of equation (5.38) makes it possible to determine the law of

expansion of the channel, and together with it, the other hydro-.

dynamic quantities.

We shall now cite the appropriate formulas.

Radius of the channel

JRv. (5.Bo1)

Pressure in the channel

e #e,(5.42)

where ,(X) "

Work performed by the channel durinp: expansion

A 4ox 2 I

* ."' c = Il, n-i,- p :';I n " t" r (5./13)~



W.JI~).1 (5.144)

It is possible to use formula (4.58) for a calculation of

the acoustic energy of a discharge.

The first term in this formula, which may be rewritten

in the following fashion,

I ___"

(5.45)

describes the shape of the wave emitted in the direction perpen-

dicular to the axis of the discharge (8 a w/2).

The second term in formula (4.58), providing correction

for the first where =# w/2, being proportional to the small

parameter of the model of a short cylinder Z/c 0 T, is small,

which reflects the fact that the wave radiated by a cylinder that is

short in comparison with the characteristic wave length differs

little from a spherically symmetrical wave.

The acoustic energy emitted during a discharge is obtained

by integration of the energy flow with respect to a spherical

reference surface and with respect to time

".p .ill (5.46)
W,. •2 J---.d12 , 2.sinOdO =,p, II + -:. ,

where r

J'~~ ~kL..dz, JS x

The second term, In brnckcts in formrula (5.46) takes into account

thr. dev~ntion of th', ihapc of the wave from a spherically symmetrical



one. Formula (5.46) is applicable if this term is small in

comparison with the first.

Using (5.36) and (5.46) we find the electroacoustic effi-

ciency of the discharge

q (5.47)

In order to avoid misunderstandings we emphasize again

that all the findings of this section, including formula (5.47),

are correct only under the condition R% Z4c .0 .

We note also that, as was done in the case of a spherical

model of a discharge, it is possible to eliminate R0 from the

formulas for the hydrodynamic characteristics of a discharge

with the aid of relationships (5.36), in this way expressing

these values in terms of three parameters of the discharge--the

total enerry released in the channel, the time of its release,

and the length of the electrode gap.

In addition, in rough estimates for discharges close to the

critical, it is possible to say that the energy released in the

channel and the discharge duration are determined by formulas

(5.27).

Correspondingly, it is possible to obtain estimating formu-

las for the different hydrodynamic characteristics of a discharge.

For example, the peak pressure in a compression wave in a

plarn perpendicular to the discharge axis and passing through

the center of the channel is determined b2, the formula

U05 -_-Ur vi (5.148)



if U, r, Z,and L are expressed correspondingly in V, cm and H.

Section 4. Long Cylinder Model

In an approximation based on smallness of density distur-

bances long cylinders also may be examined under the condition

that the characteristic channel radius remains small In compari-

son with tE-e wave lenrth: R0 4 -A Z[4).

The pressure on the surface of a cylindrical cavity, the

length of which is great in comparison with the wave length,

Is deternined approximately by relationship (4.54)

Substituting this expression Into the formulas for the

intrinsic energy of the plasma (5.29) and the work of channel

expansion (5.30), and the result obtained into the energy
balance equation (5.1), we obtain the following equation in an

approximation:

(P LIn Pe P -- In 2r")(T-1)-i~(T-1)u/1. (42X ) P X (5.49)

Turning to the dimensionless variables, x - t/T, y - R/R0,

and f(x) - E/E 0 , we obtain,irnoring the second and third terms

of this equation in view of their smallness,

ds ,. , -11 '-F.

- I t R +"2 , l(x). (5.50)

Selecting as a new unit of length the quantity defined by the

"1':M (5.51)

-1 "19-
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which has the sense of the characteristic channel radius, we

arrive at the equation

"6"" ~Z. |•.T Z

(5.52)

where z - yy.

In the given case it is convenient to choose the intial

conditions in the form

z --.0, 0.-. (0. 0 -. 0 0

In practice, in virtue of the insensitivity of the calcu-

lation for the initial values of the quantities it proves to

be possible to use as initial conditions values of the channel
radius and rate of expansion which are quite small in comparison
with the character-stic values.

The hydrodynamic characteristics are expressed by the
solution of this system in the following way.

Channel radius

R - Ro. (5.53)

Pressure In the channel

1'=i (#).(5.54)

Work of channel expansion

A n•g t-;.-" I-t,-o " (5•55)

Intri .ra(- (ner';y of the plasma In thv ch:anr l

-] A (1-



As n the c of a short cylinder we find the acoustic

1*

energy by summation of the signals of the elementary sources

according to formulas (4.56) and (14.57)

In the direction transverse to the axis of the channel
(6 - w12, Fig. 4.8) we obtain immediately

P.L- P* " go-r,) (5.57)

where
. t(J1. )

In the longitudinal directicn (8 - 0) from formula (41.56)
we obtain

S. ; 1*.',
(5.58)

Bearing In mind that the integrand differs from zero only
In the interval O<x<l (the duration of the signal Is small in
comparison with the time required for it to "travel" along the
length of the cylinder Z/c0 ), it Is easy to establish that the
maximum value of the longitudinal signal is determined by the
formula

W-RS d:, d ,z SP1 Z .1 .W z
0 (5.59)

The ratio of the amplitudes of the transverse and loni.itudl-
nal sirnalz, r/=Z/c 0 T (1), to within t.he coefficlent 1/z(l)
clc.;c to ln'tlty 8.>' Ciiipter 1-1), Is e(qual to the ratio of the
1-n;'th t" 'h* r'.• :'' 1 o th" ]en-.h of 'h,' pul.se , thu8 rC' Cfl-c-
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summation of the amplitudes, and the longitudinal by summation
of the durations of the elementary pulses, the number of which
is proportional to the length of the radiator 1.

The total energy radiated by the channel during a discharge

m" 'J~i"0doJ0'ru (5.60)

may be calculated by using the results of Chapter IV, formulas
(4.65) and (4.67).

If we consider quite roughly that an elementary pulse is
of rectangular form, then, on the basis of formula (5.57) tak-
ing as approximation p, U OR•i/2T2r and using (5.51), from
formula (4.65) we obtain

we* +-L -- I[II +I I (5.61)

whence the electroacoustic efficiency of a discharge also may
be determined without difficulty

St (5.62)

If we approximate the shape of the radiated compression
wave in the direction perpendicular to the channel axis by a
Gauss curve with•e decay constant T0 O.7T and an amplitude,
in correspondence with (5.57), expressed by the formula

"9 (5.63)

(that is, we represent approximately the dimensionless fuiiction
of formula (5.57) as an error funccion), which, as will be
seen later, in a calculation of the hydrodynamic characteristics
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of discharges better corresponds to experiment, then calcula-

tion with the use of formulas (4.67), (5.51) and (5.63) leads

to the following formulas for the acoustic energy and the

electroacoustic efficiency:

k-11 8 (5.64) j
( ) [ (5.65)

We note that the hydrodynamic characteristics may be

expressed as functions of the basiceparameters of the discharge

E, r,and I by means of omitting R0 from the corresponding formu-

las with the aid of relationship (5.51).

In turn, these values are expressed,as previously, by

the parameters of the discharge circuit. In addition, a formu-

la Is obtained exactly coincidinr with formula (5.48) for esti-

mating the pressure In the compression wave.

Section 5. Spherical Model of a Discharge. High
Rates of Channel Expansion. LL

In order of magnitude the rate of expansion of the channel

of a point electrical discharge is determined by a relationship

derived from Formula (5.12),
I

Evidently, the rate of expansion is proportional to the

enerry density in the discharme ':iannel and increases with a

decrease ir• the period of energy release.

-1','-
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If a sufficiently large amount of energy is introduced into

the discharge channel for short intervals of time, then the

expansion of the channel may take place at speeds close to or

even exceeding the speed of sound In the liquid.

The density disturbances prove-to be significant and it is

necessary to consider the compressibility of the liquid in

examining such discharges.

We shall limit ourselves to Investigation of a point dis-

charge characterized by the following relationships of the dimen-

slonal scales [5):

As before we shall ignore the Influence of magnetic pressure,

considering It to be small in comparison with the pressure of

hydrodynamic origin. We shall consider the fluid pressure

created by the expansion of the channel to be isentropic, which

makes it possible to use the equation of state (4.3)

p- A - B,

where A - 3001 atm, B = 3000 atm, n T 7 for water.

In calculating the hydrodynamic characteritics of a discharge

It Is convenient to isolate two successive problems to be solved:

1) calculation of the channel expansion with a given mode of energy

release; 2) determining the compression wave radiation by a

channel expanding according to a known law.

The process of channel expansion may be described approximate-

ly by the system of equations

ii



dYJ-. .

P PJ+y=jPVumt(i).

o -c_!(5.66)

a..!

+• +

the first of which expreses the law of the conservation of
energy during a discharge, and the second and third may be

considered as relationships determining the pressure on the -

surface of an expanding sphere equal to the pressure inside the

channel P as a finction of the radius of the channel and its

derivatives with respect to time. The last two equations are j
the cornzequence of the hydrodynamic' equations and the equation

of state of the liquid obtained in the Kirkwood-Bethe approxi-

mation (see 161 and formula (4.76)).

The following symbols arei-ntroduced in fromula (5.66) in

addition to those already used: E -- the power released in the

channel; H--the enthalpy of the liquid along the.surface of an

expanding sphere; c = c(p)--the local speed of sound, being

a variable quantity, as opposed to the preceding quantity.

We choose the !nitial conditions in the form t -0, R.O,
R.0.

i'O°'

In practice, as was mentioned already, it proves to be j
sufficient where I - 0 to assign values or the radius of the i
channel and the rate of its expansion which are quite smallin In

comparison with the characteri.stic values of these quantities.

For performing a numerical calculation it is convenient to

represent system of equation (5.66) in dimensionless form.

We introduce the dimensionless variables

11 I,-, ..6

", . *" .5 61"' (5.67)
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where T and R are new units of time and length, co is the

equilibrium speed of sound, M is the Mach number.

If we choose the discharge duration as the unit of time,

and the characteristic channel radiuis, determined by relation-

ship (5.12) as the unit of length, it is possible to obtain

the following system of equations from (5.66):

'r;, 3 t All (5.68)

as ds 2-

y , p
d'v :~ as ~(5.69)

1q (5.70)

+ -z-=. (5.71)

relative to the unknown functions y(x), ;(x), z(x), n(x). A, B

and n are constants of the equation of state of the liquid; f(x)

is the dimensionless power characterizing the mode of energy

release In the channel. In dimensionless form the initial

conditions are formulated as follows:

#--0 I-0. 0-*t .-O 1-0.O

We note that system of equations (5.68)--(5.71) describing
the process of channel expansion contains a single similitude

criterion--the Mach number (M).

In the limiting case as ri - 0 this system, as should be
expected, transforms into a system of equations dezcribing the

process of the expansion of the channel of a spheribal model

with slow rates of expansion of the channel (see Section 2 of

-]56- nr -.. r-- -t r



Numerical integration of system of equations (5.68)-(5.71)
makes It possible to determine the dependence of the channel

radius on time, the rate of expansion of the channel, the pres-

sure In the channel, and also the values of the functions

on the surface of the expanding sphere.

Determining these functions is the Iritial point of selv-

Ing the problem of radiation in the Kirkwood-Bethe theory,
assuming that the values of the function G - r(h + 1/ v 2),
where h Is the enthalpy of the liquid at the point r and v is
the hydrodynamic speed, remain constant at points travelin- at

a speed of c + v, which makes it possible to determine this
function at any point in space according to known values of it

on the surface of the sphere.

In practice it proves to be more convenient to calculate

a function, the inverse of G(t, ir) [7], acordlng to formulas

obtained from (4.86)--(4.91) by reducing them to dimensionless

form

. l I r i+".3, t+2W
f. t + 3.) lu1( l•

2n W, ('I T,) J(5.72)

S(5.73)

[U ( 1 - : "- All+' (5.74)•--TL -+.. 1M --, P •- •-"-+-

In the case of small disturbances, when M41and, consequent-

ly, SU.I and Sv<l these formulas transform Into a solution

t - Ii - T( 19)."C (5.75)
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corresponding to an approximation of linear acoustics.

"Consideration of the next term in the expansion of formu-
las (5.72)--(5.714) in M leads to the formula

-- -= Vz (g) - Vg MN -T-X1I r" (5.76)

This approximate formula graphically demonstrates the influence
of nonlinear effects in the propagation of a wave: points of

the wave profile corresponding to great values of g approach
the point of observation with shorter times t, that is, they

travel faster than points with smaller values of g.

According to known values of the function G it is easy to

determine the hydrodynamic speed (5.73) and the pressure

/

n + i + 1(5-77)

and to find the profile of the compression wave at any point in

space.

This formula is simplified in the area where (n+l)M2 R0 /r4 1 ,
acquiring the following form:

P = too 7, g (t). (5T78)

At a sufficient distance from the discharge the solution for

the compression wave profile may becorme ambiguous which, as is
known [8], sirnifies the formation of shock fronts.

Their behavior and the marnitude of the discontiruity are
determined by means of Joining the solution obtained with the
Rankine-hu:-oniot relationships on a shock front, which for
shock waves of low intensity reduces to th% simple rule of
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"equality of areas" (8).

At great distances from the discharge, where nonlinear effects

lead to great distortion of the original wave profile, the shock
wave acquires a form which is weakly dependent on the detailed

features of the function C on the iurface of the channel. This

makes it possible to obtain simple asymptotic expressions, describ-

ing the shock wave at a distance from the discharge and, in parti-

cular, making it possible to clarify the nature of its damping.

Two cases are possible here.

If the rate of expansion of the channel is equal to or exceeds

the speed of sound, then shock waves arise In the Immediate vicinity

of the discharge.

In this case It is possible to use the asymptotic expressions

of the theory developed by Kirkwood and Bethe for describing

Sshock waves from an explosion and applicable at a rreat distance

from it (6].

According to this theory, the form of a wave is assumed to be

approximately exponential

p - p. ON1,), (5.79)

and the quantities pm and T0 are determined according to the follow-

ing formulas

p. - p/.ir. G. - a0,.

where GO Iz the maximum value of the function G on the surface of
the sphere, and a is quantity characterizing the damping of the

shock wave,

2

(5.80)
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where R and T are the characteristic values of the radius of

the channel and the time of its expansion;

r4- h '•,• (5.81)

Formulas (5.79)--(5.81) are applicable in the case of the ful-

fillment of the conditions

• , > • .(5 .82 )

Iaj. >1, (5.83)

the first of which expresses the condition of the formation of

a discontinuity near the discharge and the second makes it possi-
ble to use the asymptotic formulas of the Kirkwood-Bethe theory.

As is seen, the parameters of the shock wave at great distances

are determined simply by the maximum value of the function G
under the condition that the characteristic values of R and T
are known.

In turn, for rough estimates it is possible to assume that
0 w R3/T2, that is, to consider that the maximum value of g is
close to unity, which, as will be seen below, agrees with the
results of numerical calculation.

Thus, it is possible to find the order of magnitude of the
pressure in the shock wave radiated by an intensive discharge
according to a 7iven discharge duration T and the total energy
released in the channel E.

By using the estimate given above for G is is possible to
rewrite inequality (5.82) in the following way:

\ >t. (5.84)
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From this formula, in particular, it follows that the

possibility of the formation of a shock wave depends on the
ratio of the energy density in the channel proportional to.the pres-

sure in it and to the characteristic pressure In the liquid
2Po co

If the rate of expansion of the channel Is less than

the speed of sound,which occurs in the case where Instead of
(5.84) the inverse inequality is fulfilled

4W. -• <t,
-4 (5.85)

then shock waves may be formed as a result of cumulative nonlinear

effects at a certain distance from the discharge. Consideration

of this factor, performed in approximation of nonlinear acousLics

[5), leads to the following formula for pm

P.~~~ -w.OT O i

This formula is valid if ln c- , '0 - . Fulfillment of

Re 287ff

this condition signifies that a shock wave was formed at the

distance r.

Section 6. Approximate Calculation of the Electrical
and Hydrodynamic Characteristics of a Discharge According

to Given Parameters of the Electrical Circuit.

The models of an electrical discharge examined in the prece-

ding sections are incomplete in the respect that the mode of ener-

gy released, determined by the electrical characteristics of the

process, must be given for a calculation of the hydrodynamic

characteristics of a discharre.

N*nir.~rhi], if i;c •ncli1d- the eteetrical circuit In our exami-

!r-Ito ot.:n a clr.:-,Pd -y-%teri of eqtuiticrin,
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describing both the electrical and the hydrodynamic phenomena

during a discharge. An approximate calculation corresponding

to this approach is made by A. I. Ioffe in 191, which we

follow in the presentation below.

The principle difficulty which Erises in an examination

of such a closed model is connected with determining the channel

resistance which is variable in time and depends on the particle

density ana temperature in the channel.

We shall consider that the electrical circuit of a discharge

is an oscillatory circuit with a given inductance L, a capacitance

C,and a resistance deter-ined by the resistance of the discharge
channel which varies with time.

Then the electrical characteristics of the process are

described by the equation of an oacillatory circuit

OU it di + I_d,- T-I-r - ,F7"••='••• (5.87)

Here U is the condenser voltage; Re is the ohmic resistance

of the discharge channel; I/nei is the resistivity; S is the

cross sectional area of the channel.

In agreement with that which was stated in Chapter III we
shall consider approximately that the conductivity of the plasma
is determined only by the interaction of electrons with ions
and is described by formula (3.29) (where Z = 1)

S(5.88)

w h e r e A - 1r ) *,
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For practical reasons in our calculation lnA which varies

slightly with a change in electron configuration was assumed to

be constant. Here e is the electron charge; T is the tempera-

ture; n e is the number of electrona in a unit volume.

For specificity we shall consider a discharge corresponding

to the short cylinder model, that is, we shall consider that

the length of the electrode Rap in great in comparison with

the characteristic channel radius, but much less than the

characteristic wave length R0.414, A a c0 T, where T is the dis-
charge duration.

Then the energy balance equation with respect to a unit of

length of the channel may be written in the form

I - C-(5.89)

and the pressure on the surface of the expanding cylinder is

determined by formula (4.48), which it is convenient to write in

the following way

P~ inPm--.-••In -- I*,±
\ I65  (5.90)

Estimates show that the length of the radiation path In a

plasma at a temperature of T * 2.10 4 K and with a density

n e 1020 cm- 3 is approximately Zv - 10"1 cm and is small in
comparison with the characteristic channel radius (see Chapter
III). 7herefore, the plasma of the channel may be considered

to be a Llae-k body radiating the radiant flux q - OTef from a

a unit of its surface.

if, therefore, we assume that the radiated energy flux q is

-r63-
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absorbed In a thin layer of water and goes only to evaporate

the water within the channel, then for the particle density

In the channel it is possible to write the following equation:

-- *-' (5.91)

where D is the evaporation energy on a molecule.

Together with the equation of state of an ideal gas

pw=nIT, (5.92)

approximately applicable for a slightly ionized discharge plasma,

relationship (5.91) closes the system of equations, consisting,

therefore, of the five equations (5.87)--(5.92).

This system may be integrated numerically with the appropri-

ate Initial conrditios. Several of these are obvious: at the

Initial moment the condenser is charged to a given voltage U0,

and there Is no current In the circuit, which leads to the condi-

tion dU/dt - 0. The remaining conditions are not so specific;

for practical purposes in our calculations it was assumed that

the Initial value of the channel cross section was 0.1 cm 2, the
rate of expansion was zero, and the intial temperature and parti-

cle density were chosen as approximately equal to 10'4 K and
19 cm V Variations of 10-30% in the initial values had an

insignificant effect on the results of calculation.

The results of a calculation, describinr, the electrical
and hydrodynamic characteristics of a discharre with respect to
four given paraneters: Initial condensor voltage, the inductance
L and capacitance; C of the discharg:e circuit,and the length of
the disch:uryre rap I. are compnred with experit.?ntal data In the

followrlni- ch[Aptecr.
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Section 7." Similarity of Electrical Placharees
In a Liquid.

As was mentioned, the relationship between the three dimen-
sional scales--the length of the discharge rap L, the charac-

teristic channe1l radius Roand the characteristic wave length X

is an Important characteristic of the hydrodynamic phenomena

during a discharge; It Is precisely this relationship that deter-
mines, in particular, the choice of one or another of the dis-

charge models examined above.

This relationship may be characterized by two dimensionless

parameters: M - R0/X and N - Z/A, the first of which Is equal

to the ratio of the characteristic rate of channel expansion to

the speed of sound, M - Ro/CT - U/c, and therefore may be called

the Mach number, and the second characterizes the length of the

channel In comparison with the length of the radiated wave.
Different discharges correspond to different values of the para-
meters; on the other hand, Identical values of them correspond to
Identical, In a hydrodynamic respect, discharres, that is, they

play the role of hydrodynamic similitude criteria.

The meaning of these parameters becomes more clear If we

turn to the dimensionless equations describing the different

discharge models [see, for example, formulas (5.13), (5.28) (5.38),
(5.47), (5.52), (5.62) and (5.69)). In spite of the differences

In these equations, the common factor Is that the parameters
H and N (or their ratios) are the coefficients which enter these

equations.

Hence it follows that discharres with identical values

of the parameters M and N are described by equations which may
differ only In the form of the dimensionless function f(x),
characterizin;w the made of enerl-y release In the channel.

Tt Is not. d'1•fIcy't, howov-r, to verify the fact

/'



that the nature of this function, determined by the time

dependence of the power I 2 Rohm' depends both on M and on

only one other parameter Z -ReflA/T7r, entering as a coef-

ficient into the equation for the discharge current

Here I is the discharge current, Rohm is the ohmic resistance

of the circuit; it is assumed that it is due, basically, to the

rasistance of the channel; Ref is the effective value of this

quantity, equal to I/nS for a cylindrical model and 1/".R for a

spherical model; L and C are the inductance and capacitance

of the circuit; R(z) - Rohm/Ref is the dimensionless "resistance,"

which may be considered an identical function for similar dis-

charges x, x - t/T, T = WrL/T.

Thus, it is obtained that discharges with identical values

of the parameters 1, 'Z,and Z are described by identical equations,

that is, these parameters are similitude criteria.

We shall represent them in a different form. First we

shall examine discharges corresponding to cylindrical models.

"In this case the parameter Z, being a similitude criterion of

the electrical-(and energy) characteristics of the discharge

may be written as such:

G• .f . (5.93)

where S is the cross sectional area of the channel.

Bearing in mind that the amount of plasma conductivity is
determined by the temperature and pressure in the channel, which
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are identical for similar discharges*, and therefore omitting

nef and also the combination of parameters equal to M4 2 constant
for similar discharges, we obtain

In examining the similarity of discharges in one and the

sami liquid it is' possible to consider .the speed of sound c to

be constant, so that

M-Rgr. Nli?,(5-95)

Now we shall express these similitude criteria with t he

parameters C, U, Lsand Z usually given In an experiment.

We have according to (5.36)

R.':,J'1) 4 N

Hence it follows that for similarity of discharges it is

necessary that the quantities U 2/ZL, Zv'T-LC, W/LAC'2 be con-

stant which leads to the following condition for the similarity
of two cylindrical discharges in one and the same liquid:

4t

a ~ L tu L -A- L ,wL. (5.96)

We note that relationships (5.93)--(5.96) coincide with the

SIn agreement with formula (3.43) for discharges corresponding to

acylindrical model, the temperature T - (E/T2 ~)/0 - M% and there-
fore Is Identical for discharges with an identical value of M; for

discharrges correspondinr to a spherical model, T - M14 r411, that Is,
It chang-en slli"-htly with a c'ianrge in T in the case of constant
M. The ariount of pressure in the channel -M 2 and therefore is iden-
tical for similar discharges.
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results in [1010 obtained on the basis of general methods of

similitude theory.

Bearing in mind also that the equations for a spherical

model do not depend on the parameter N we obtain that in this

case discharges are similar under the condition that the follow-

ing two parameters are constant

M 7 , '" "_
q - (5.97)

For discharges in one and the same liquid these criteria may

be rewritten in different form

"(5.98)

Hence we obtain that, for example, two discharpes; correspon-

ding to spherical models, are similar under the condition

0.9 Lil
"' ' if W*(5.99)

Similarity of discharges signifies not only agreement of the

dimensionless functions entering into formulas (5.16)--(5.19) and

(5.20)--(5.22) and formulas similar to them, but also equality of
the absolute values of the quantities characterizing the process
of channel expansion (pressure, rate of expansion, etc.), taken

at corresponding moments of time (identical x).

In addition, the characteristics of the compression wave,

determined at correspondinr points (with identical Z/r or Ro/r)
at the corresponding1 moments of time, also prove to be equal.
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CHAPTER VI

HYDRODYNAMIC CHARACTERISTICS OF DISCHARGES.

COMPARISON WITH EXPERIMENTS

Section 1. Introduction

The theory of electrical discharges in a liquid presented

in the preceding chapter makes it possible to calculate their
hydrodyamic characteristics if the mode of energy release in the
discharge channel is known. If we characterize the mode of energy

release by the dimensionless function f(x) - E(t)/E(T), where

x t and T is the discharge duration, then, as experimental re-

sults show, the form of this function proves to be practically

identical for discharges close to critical. This circutstances

imparts a certain universality ý-o the calculation of the dimen-

sionless hydrodynamic characteristics of a discharge, performed

for one form of the function f(x). The results of such a numeri-

cal calculation, performed with the use of formulas (3.1) and

(3.2), approximatin7 the conditions of the release of energy in

the case of a critical discharge, are given below.

We note that these results may be used approximately in cal-

culating not only discharges close to critical, but also aperio-

dic and periodic discharges, if in the first case we introduce a

correction for the increase in discharge duration in comparison
with the value wvr- and in the second case a correction for the

fact that only part of the stored energy CU2 /2 is released during

-the first half-period. Examples of the application of the approxima-

tion theory for calculating the hydrodynamic characteristics of

specific discharges presented above are given below.

We emphasize that we are speaking here only of the phenomena

during the condenser discharre, where electrical current flows

along the channel.

The hydrodyri'i:.1 c r!'henovl.ena In theŽ subsequnnt stares of the
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discharge are not examined in this study. We note only that

the pulsating bubble formed as a result of a discharge in many

regards is similar to the gas bubbles formed in the case of

underwater explosion or in case of cavitafion [1), [2].

In particular, the pulsation process of a spherical bubble

at a great distance from the boundaries is described by the

formulas in Section 2 of Chapter IV from which follows the

simple relationship (4.28), connecting the pulsation period

of the bubble with the pulsation energy.

In the process of the pulsations, compression waves which

are easily recorded experimentally are emitted when the bubble

slams 9ut. This make it possible to determine the pulsation

period and then, by using formula (4.28), the energy of the

pulsating bubble in the case of a spherical discharge model.

Discharges corresponding to cylindrical models create a

gas bubble differing from a spherical one and similar in form

to a cylinder with hemispherical ends.. In the subsequent stages

of expansion such a bubble gradually acquiras a shape close to

spherical. The slamming of nonspherical bubbles, as motion

picture photography shows, is accompanied by losses in stability

of form. The bubble breaks up into several separate bubbles of

different dimensions, slamming shut at different moments of time

and as a result creating several compression pulses. The instabi-

lity of the slamming process is expressed also by the significant

fluctuation of the pulsation periods of the bubbles created by

discharges, identical with respect to electrical chir- -eristics.

Naturally, the connection between the energy of a bubble and the

pulsation period determined by formula (4.28) is very approximate

for cylindrical models of discharges.

The pulsation energy of a bubble, being equal to the product

of its maximum volume by the a:inunt or hydrostatic pressure, also

nY be dr. ný. by r'.. ,-urln.n ['et o.ra 1v taken by fllming the
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bubble against an illuminated background. According to experi-

mental data, the pulsation energy of a bubble, which arose as

the result of an -lectrical discharge, amounts to around 30%

of the total energy released in the channel.

Of the three principle hydrodynamic characteristics of a

discharge--the dependence of the channel radius on time, the

pressure in the channel and the pressure the compression wave--

the last two values are the most sensitive to accuracy of calcu-

lation,since they depend not only on the radius of the channel,

but also its derivatives with respect to time.

Measurement of the pressure in the channel, is, however,

quite a complex experimental problem due to the presence of high

electrical voltage in the area of measurement. It is signicantly

simpler to measure the pressure in the compression wave radiated

by the discharge. Therefore this value is used in comparing

theoretical and experimental results.

Measurement of the pressure in a compression pulse usually

is performed with the aid of broad-band pressure receivers. They

may be of two types: receivers in which the sensing element is

directly subjected to the action of the pressure to be measured,
and waveguide type receivers, in which the sensing element

reacts to the deformation wave arising in a long metal rod upon

the action of the pressure to be measured on its end; the lateral

surface of the rod in this case is acoustically insulated from the

eAternal medium with a metal tube.

.'ensinr elements of the piezoelectric type, made of piezocera-

r'ic of ferro-electric compositions, for example of barium titanate

.it�. the addition of cobalt, or of TsTS-200 piezoceramic, are the

i",. suatahle. If thc pressure on the piezocell exceeds several
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Fig. 6.1. Diarram of the construction'of a hydrophone.

1 - cylinder of piezoceramic; 2 - resin fillin,; 3, 4 - leads
to electrodes; 5 - single .strand wire.

hundred atmospheres, it is necessary to apply protective sheathing of
the piezocell in order to avoid nonlinear distortions. Piezc-

cells in the form of cylinders around 3 rim in diar,.eter

and with a wall thickness of 0.3 mm have a capacitance of around

1000 nf and very low natural frequency of around 0.5 rrHz. In

the case of an input rpsistance of the cscillorraph of me•achms, the

receivin: Thanne. makes it possible to reproduce pressure pulses

la-stinz' fro-m 10-3 to 10-5 second on the oscillograph screen with-

out significant distortions.

In receivers of the first type (Fig. 6.1) the piezocell is

attached to the end of a c.oaxial holder with the aid of an elastic
resin. The elastic attachment Is necessary in c-der that the

elastic waves w'hich arise in the holder upon the action of the com-

pression pulse on it are not transmitted to the piezocell. It is

necessary to turn our attention to the following factor. The dis-

placment sneeds of liquid particles are i,,reat in a compression

pulse of rreat amplitude. The draA, on the piezocell by the liquid

causes the appearance of mechanical stresses of inertial oririn in
the piezocell. If the plezocell has less sensitivity in the

case of cubic compression than in the case of unilateral compres-
sion, the result of pressure measurement proves to be inaccurate

in the case whereý calibratlon of the piezocell was performed in
the absence of unilateral co-vprension. Because of its axial

sy,,".I •'. ,,r ,V I:il!' I,",1] ; sl'O'] ;I riot: to rn, LIve 1;O olo'..rres i Ion

1 '7J
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In the direction perpendicular to its axis. Therefore, in the

Vase of the action of a compression pulse in this direction it

reacts only to cubic compression. A piezocell in the form of a

plezoceramic cube or disc may five incorrect information on the

pressure in a compression pulse if it is calibrated by cubic

compression.

Fig. 6.2. Diarra:, of the construction of a waveguide type
hydroph',ne.

I - waveguide; 2 - piezocell; 3 - screeninr tube; 4 - filament.

In receivers of the waveguide type (Fig. 6.2) the cylindri-
cal piezo element is mounted on the wavegulde and rigidly attached

to it. The distance between the free end of the waveguide and

the piezbcell must be no less than half the length of the pulse

in the material of the wavepuide in order that a reflected pulse

not be superimpcosed on a direct one. It is necesary to create

a good acoustical coupling between the waveguide and the screen-
ing tube. For this it is sufficient, for example, to wind the

waveguide with a half millimeter wool thread at a spacing of

1 cm. The stuffing, box at the working end of the waveguide

blocking water from entering the screening tube and at the same

time not creating a strong acoustical connection between the
screening tube and the wavecuide, is an important element. The

absence of transmission of compression pulses to the waveguide
when a metal obJect strikes the screeninir tube and the end of the

s•-,Fuf.n!,,' hn- nnrv-s is n m?,aeure of the smallness of this connec-
ti•n. A .i<,i • ? , ;:: !':I•,"bo-,: o; ho-::: In P lf. 6.3.

0 * %* - .1 -
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Fig. 6.3. Sketch of stuffing box.

1 - Union nut; 2 - moveable sleeve; 3 -rubber ring; 4 end of
waveguide.

Calib'ration of receivers of the firsc type miay be performed

in air, for example by the action of stepwise pressure pulses

of known value on the piez-ocell. For this the piezocell is placed

In a chamber of as snall diameter as possible, separated with the aid

of a breakable di-nhragm from a chamber of large volume in
which there Is air under a known pressure.

Fig. 6.4g. Sketch of calibrating device.

I - Tnserti-on openinr-; 2 - arrc chamber; 3 -small chamber; 4 film
div-'zJink7 the chamnbers; 5 -pressure receiver to be calibrated;
6 -knife cuttini- film upon the rotation of nut 8;7 -rinfg-shaped



Fig. 6.4 shows a sketch of a device for calibrating pressure

receiVers of the first type. Fig. 6.5 shows an example of a

pressure oscillogram recorded during calibration. The damped

oscillations superimposed on the exponential component of the

electrical voltalre are seen in the oscillogram. These oscilla-

tions are connected with the transition prncess which appears

when the diaphragm breaks. These oscillations must be averaged

in determining the sensitivity of the receiver. The constant

of the exponent is deternined by the size RC of the receiving chan-

nel F Por a piezocell of 1000 nf capacitance and the input
resistance of an IO-4 oscillograph it amounts to around 10 msec.
A typical value of the sensitivity of receivers of the first type

with a piezocell sheathed with a filling of epoxy resin is

usually around 0.3 V/atm.

It is convenient to perform calibration of waveguid-e receiver

by the method cf rod collisions. For the calibration a rod-calibra-
tor Is nsie of the same material as the wave-uide. The ends of

the waveruide and the rod are polished so that the maximum pressure

upon collision is reached as rapidly as possible.

Fig. 6.5. Calibration oscillogram for a hydrophone.

The maximum pressure actinrý on the ends of the waveruide and

rod is determined according to the formula

P

(6.1)
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where Pe Is the wave resistance of the material of the rod and

the wavel;uide; v is the collision speed determined according, to

the formula

U-" (6.2)

where r is the acceleration of the force of gravity; h is the

heit7ht from :t.ich the rod is dropped.

The leni-th of the rod il chosen so that the maximum pressure

at the point of contact of the rod with the waveguide is set

durinn the ccllision. Usually the setting time for steel rods

2 mn in dia;neter is around 10-5 sec. Fig. 6.6 shows an example of

a calibration oscillogram for a waveguide receiver.

AI

Fig. 6.6. Calibration oscillogram c, a wavemuide receiver.

The first pressure pulse arising upon the collision of the rods,
and the rarel'action pulse following it reflected from the free

end of the wave: uide, are seen in the oscillogram. In order to
separate these pul:ez it is necessary to move the piezocell from

the free 'end of the wav,.guide to a distance greater than the.

length of the rod. Sometimes small disturbances caused by the

C. rf ,1 i r e .] r1:t -7 1nr" n]jor., the ,,veguide from nonun! formi-
ty of tAW A'L-I,;.; L;(Ct±r)i of the :.izv(. ,uid'.- cau:;oId by the pie;;ocell
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are seen on oscillocranis. The sensitivity of waveguide receiver
amounts to several hundredths of a volt in the atmosphere.

The accuracy of measuring pressure with receivers of the
types described above is 10%.

Section 2. Discharges corresponding to a spherical model.

The function f(x) (curve 1, Fie. 3.12), corresponding to

an approximation of the power of an isosceles triangle, was used

for Integratinr the system of equations (5.14) describing the

expansion of the channel of a spherical model.

The initial conditions were chosen out of the following con-

siderat ions.

The photoi-rans of channel expansion examined show that the

initial values cf the channel radius and the rate of its expansion

are at least one order of magnitude smaller than the characteristic

values of these quantities in the discharge process. Therefore,

numerical interration of system (5.14) was performed for different

initial values of y0 and z 0 , small in comparison with unity. It

proved to be the case that an arbitrary selection of the initial

values of these quantities does not have a significant influence

on the results of inteýiration under the condition that y 0 1 and

z 4 1 . Physically this is explained by the fact that the law of

channel expansion is determined chiefly by the conditions of energy

release in the channel, and not by the initial conditions. The

results of a calculation for y 0 = 0.03 and z0 = 0.00001 are presen-

"ted below.

Table 6.1 gives values of the functions necessary for calcula-

ting the hydrodynamic characteristics according to formulas (5.16)--

(5.22).
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We recall that y(x), g- f(x)/y 2,and Z" (f(x)/y3)-z2/2y•

represent the time dependences of the channel radius, pressure

in the compression pulse,and pressure in the channel in dimen-

sionless form.

The results of the calculation, presented in Table 6.1,

also are depicted in Figures 6.7, 6.8,and 6.9 by curves 1. As

was mentioned in Section 2 of Chapter III, the normalized func-

tions of energy release f(x) differ somewhat from each other. The

difference between them is approximately the same as that between

the curves obtained as a result of integration of the time

dependencies of power, approximated by an isosceles triangle and

a triangle the height of which is displaced from the refer-

ence point alon.g the x axis by one-third of the base.

T A B L E 6.1

o 0 .0 0 0 a
0.3 0,020 o.OS 0.178 0.632 2.53
0.2 0,.l(" 0.1t9 0,310 0K.it 1.91
0,3 0.180 0.210 0,42 0,7.38 1.6
0,4 .032O 0,314 0,O'V.j t.f.t 1.43

.. 0.5 o..i•n 0.429 O,4., 1,0 t,33
0.6 0,C30 O,:.Mi 0.746 1.22 1.11
0,7 0,6.20 0.071 0.843 1.15 0.92
0.8 9,12x 0.781 0.l35 1.05 0.73
0,9 0,¶'80 0,&91 t1,020 O.W" 0.5G
1.0 • ! . ) O.,A 1,1,K) 0,.21 0.41

In order to explain what the degree of applicability of the

approximation of the function f(x) used is, Fir.s. 6.7, 6.8,and 6.9

reprenent graphic depictions of the curves 2 of the functions y(x),
)/-.)_ 4/?,,arid f(::)/y2 calculated with the use of an- 179- ,



approximation of the power curve by a non-isosceles triangle.

In Fig. 6.7 it is obvious that y(x) where x = 1, that is, when

t a T,is close to 1.1 with any of the approximations of f(x)

taken and, consequently,• to within this coefficients according

to (5.16),the radius of the channel at the end of the discharge

is equal to RO.

In exactly .the same way the function f(x)/y 2 is not very

sensitive to the choice of approximation. At the maximum it is

equal to approximately 1.2-1.3. Thus, the maximum pressure in
the compression pulse, according ýo (5.12), is equal to the

product of this coefficient by the value pOR3/T 2 r, determined by

the square of the mean rate of expansion of the channel, taking

account of the spherical divergence.

In contrast to the dimensionless radius and the pressure

in the compression pulse, the pressure in the channel proves to

be:highly dependent on the choice of approximation for f(x) in

the case of small values of the arguments (x<0.2) due to the
presence of the term f(x)/y 3 in the expression for the pressure
in the channel. This factor makes calculation of the pressure
in the channel at the beginning of the discharge unreliable and,

in particular, does not permit determining the maximum pressure
possible in the channel. In view of this the pressure in the
channel was calculated using other, more precise approximations of
f(x) for a spherical model of a discharge. An approximation of
the experimental dependence of energy on time with a tenth power

polynomial was taken as the first such approximation. The result

. is shown in Fig. 6.8, curve 3. In the same place curve 4 shows

the pressure in the channel calculated according to f(x), obtained

from an approximation of the power curve by a compound curve: by

the parabola to x = 0.3 and by an isosceles triangle from x - 0.1 to
x = 1. On the basis of the data obtained it is possible to conclude

that the maximum value of the dimensionless function determining*

the pressure in the channel Is close to 2.
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It Is necessary to know the value of the Integral In formula

(5.23) in order to determine the amount of efficiency. Calcula-

tions show that for any of the approximations of f(x) used this
Integral Is practically equal to unity.

Now we shall present several examples of the calculation of

the hydrodynamic characteristics of discharges, the parameters

of which are given in Table 3.5.

4,1

Fig. 6.7. Dimiensicnless radius of a ZO' 4,F ZO. L

channel as a function of time.
Curve 1 corresponds to an approximation

z - of the energy release conditions by the
function f(x), formula (3.1); curve .2--
by the function f (x) (formula 3.2).

Fie. 6.8. Dimensionless pressure in a A.,
channel as a function of time.

Curves 1, 2 and 3, 4~ correspond to an
approximation of the energy release
conditions by the functions f(x), and

fl()and empirical relationships

respectively.

Fig. 6 .9. Dimensionless profile of
the pressure in a compression wave 4
radiated by a channel.

L" CurveO4 1 and 2 correspond to an
approximation of the eneri-y release
condltlhrcn b.,! th- functions- f(x) Rn'1
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"As Is seen from the Table, discharges Nos. 1, 2 and 3 satisfy
the condition of applicability of the model of a spherical dis-
charge (ZUCR0A ); discharge No. 4 is at the limit of applica-
blltiy of this model.

Discharges Nos.l, 2,and 3 were produced on the surface of
a rigid plate on electrodes made flush with its surface; the
shape of the channel in the discharge process in these cases is

close to henispherical, which must be considered in a calcula-
tion (see the footnote at the end of Section 2 of Chapter V).

Discharge No. 1 was initated with a corona discharge in the

electrode gap created by an auxiliary electrode. In this case

"in a gap of Z = 0.3 cm for 50.106 sec,E - 510 J of energy was

released. By using formulas (5.16)-(5.22) and Table 6.1 we

obtain that the radius of the channel at the end of the discharge
was R v 1.2 cm, which means that the mean rate of its expansion

is equal to U - 2.k.104 cm/sec. The pressure in the discharge
channel P reached approxInately 1000 atm., and the maximum pres-

sure in the compression wave at a distance of 50 cm from the dis-

charge was 13 atm; a theoretical profile of the compression wave
Is depicted in Fig. 6.10 by curve 1. Curve 2 in the same figure

shows the experimentally determined shape of the signal. The

broken nature of this curve is due, evidently, to the excitation
of oscillations of the reflecting plate and the pressure pickup

under the action of the compression pulse. The energy of the

compression wave, according to formula (5.28), is approximately

12% of the energy released in the channel.

Fig. 6.11 shows the distibution of the hydrodynamic velocity

v in the compression wave calculated according to formula (5.21).
Curves 1 and 2 of the figure correspond to the first and second.-.

terms in this formula.

Fig. 6.12 shows the time dependences of the energy of the
plasma in the channel, the expansion work A,and the acoustic energy
r...ovc. by1 ' :h ,vvi ve AC calculated according to the

-182-
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Fig. 6.10. Dependence of the pressure
"in a compression pulse on time for
discharge 4;o. 1, Table 3.5.

Fig. 6.11. Distribution of hydro-
dynamic velccity in the compression

S•* " • •,, wave, the pressure profile of which isI X shown in 6.10.

, LII

Fig. 6.12. Energy balance
for discharge No. 1.

Vac is the emitted acoustic W

energy; A is the expansion
work of the channel; W is
the intrinsic energy in the
channel; F(x) is the total w,
energy released in the of
channel. The sum of A and e.g
W is represented by the
dotted curve.

formulas (5.18), (5.19),and (5.22), and also the time dependence

of the energy released in the channel, assuming for purposes of

calculation E(x) = f(x)E.

1 7The sum W + A is represented by the dotted line and its

differen! frco E(x) rhirncftriner the;.prror of calculation re-

:ulth.• t'ic:. ...... , ' (.i t'. rl(tt "! u" the -o utjon of thc Initial

4-183-
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energy balance equation. As is seen the amount of error does

not exceed 20%.

Discha'ges Nos.2 and 3 differ from discharge No. 1 by the
smaller length of the discharge gap, which broke down directly
with the working voltage. As is seen from Table 3.5, 376 J of
energy was released in discharge channel No. 2 after 30-106 see.
The channel radius at the end of the discharge was equal to
R " 0.9 cm, the characteristic rate of expansion of the channel
was U f 2.8.10 cm/sec and the maximum pressure in the channel

P w 1600 atm. The maximum pressure in the compression wave p
"at a distance of 100 cm from the discharge was approximately equal
to 8 atm. A profile of the compression wave at this distance is
3hown in Fig. 6.13. Curve 1 is theoretical and curve 2 experimental.
The energy of the compression wave is around 13% of the energy
released in the channel.

The hydrodynamic characteristics of discharge No. 3 are close
to those cited above for discharge No. 2. A profile of the com-
pression wave at a distance of 100 cm from this discharge is shomn

in Fig. 5.1A, The calculated electroacoustic efficiency of the
discharge Is 13%, and the efficiency determined according to the

experimentally recorded signal shape is 10%.

In conclusion we shall examine discharge No. 1 (Table 3.5)
which differs by the great amount of energy stored in the conden-

sors--169 kJ (1]. The discharge was initiated with a wire 7.5 cm

long. The discharge duration and the amount of energy released
in the channel are not mentioned in [1]. If we assume that all

the energy of the condensor battery was released during a time
of 400.10-6 sec in agrreement with the experimental duration of
the compression wave, then for a discharge No. 4 %e obtain:

R - 7.5 cm., U : 1.7.104 cm/sec, P - 600 atm, p f 26 atm, and the
efficiency is 9%. Theoretical (curve 1) and experimental (curve 2)

prof'fl.:; of tho compreszlon-wave n-t a distance of 90 cm from the

d~jch-r•t iv:•e I;hu' in Fir. 6.15.

"-184-
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The dependences of the maximum pressure in the compression

pulse on the initial voltage and on the capacitance of the eonden-

ser battery, expressed by the number of condenzelrs in the battery,

were calculated for the same dischar.ge. The theoretical dependence

of the maximum pressure on voltage is shown in Fig. 6.16 bY the

solid line; the results of measurement are indicated with crosses.

F 2.9•*

V~~roie for dicag No.JS~ 3.2. ifs

Det

Pig. 6.13. Compression wave pressure
Sm • profiles for discharge No. 3.

%2 Fig. 6.15. Theoretical (1) and experi-
mental (2) compression wave pressure

US •profiles for discharge No. 3.

* Fig. 6.15. Theoretical (1) and ex-
• A'zo#o#•oee•perimental (3) compression wave pressure

SLw profiles for discharge No. 4.

The solid line in Fig. 6.17 depicts the dependence of the maximum

pressure in the compression pulse on the number of condensers in

the battery; experimental data are indicated with the crosses and
"•" ~circlcs. "

I ', z ih< l r1', tirn o r "ittc7rn'-Ai.n to a, f, tor eorT'.,)n to n 1

".4,. 2- -I

'[/ , •'. . . ',
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Fig. 6.16. Dependence of maximum pressure in the compression
pulse on the initial voltage. Solid line--theoretical dependence;
Circles--experimental data.

Fig. 6.17. Dependence of maximum pressure in the compression
pulse on condenser capacitance.

cases examined. While the absolute value of the maximum pressure

in compression pulses is in quite good agreement with the calculated

value, it is 1mpossible to say this relative to the final stage

of the compression pulses. Here It is always observed that the

calculated pressure significantly exceeds, by approximately two

timesthe experimental pressure for corresponding moments of time.

Rapid cooling of the plasma in the discharge channel may be a

possible cause of the phenomenon.

Section 3. Discharges Corresponding to a Short Cylinder

Model.

In order to go from spherical discharges to discharges

corresponding to a short cylinder model, it necessary to increase

the lenrth of the channel so that it, while remaining shorter than

the length of the compression pulse, exceeds the radius of the

channel. Discharges Nos.5-10 in Table 3.5 satisfy these require-

ments. The relatively rreat length of the channels of these dis-

charges, while still remaining shorter than the emitted compression

pulse, Is qch-!v-d ns a restilt of using relatively low voltage dis-

chav;-e.-, .*zlth * w.'1 p;Jin, &:'' of :;evcral k-lovolts, Initiated
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with thin tunrsten wires 0.0 mm In diameter. All discharges

mentioned were produced In free space, that is, far from the

tank walls and without the use of any reflecting elements. The

electrodes bad a small diameter In comparison with the length of

the compression pulse and could not Introduce any significant

distortions In the acoustic field created by the discharce.

The acoustic field created by discharges corresponding to a

short cylinder model no longer have spherical symmetry; the com-

pression pulse emitted by the channel in the longitudinal direc-

tion relative to the channel axis Is of less ampiitude and greater

duration than for the transverse direction due to the spatial lag

of the disturbances created by separate sections of the chatrnel.

Therefore, comparison of experimental and theoretical results will

be performed for the direction perpendicular to the axis of the

channel. The results of numerical integration of system (5.39)

are no lonCer completely universal, as It was in the case of

spherical d1scharges. Universality Is lost because of the presence

of the ratio V/Rpoicurring after the logarithn sign, In the first

equation of system (5.39). However, the slight dependence of the

solution of system (5.39) on the ratio Z/R makes It possible to

apply the results of integration obtained for a specific value of

this ratio to discharres with another value of Z/R0 without sig-

nificant error. The results of Integration of system (5.39) for

Z/R 0 6, y0 a 0.1,and zo a 0 are. presented in Table 6.2. The

experimentally investigated discharpres, corresponding to a short

cylinder model, had a value of Z/R0 close to that indicated

above. As in the case of spherical discharges, an arbitrary choice

of the Initial value of yo under the condition that y0 41 has an

Insignificant influence on the results of calculation.

The function y(x) Is shown In Fir. 6.18 by the solid line and

the symbol:- here r#fev* to the experimcntnl dependences of the

channel radlu3 on time, recorded qn an SFR-l hirh speed photorraphic
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recorder and reduced to dimensionless form.

TABLE 6.2

* 0 0 0 0 0
O.t 0.02 0.016 0.1(,4 0,a i.P4
0.2 0.06 ,O(f'5 0,145 1.U2 3.0
0.3 0,1 O.2C 0 ..'r, 1.0 3.15'
0,4 0.32 0.319 0.319 0,47 2,67
0,5 O..MO 0.417 0.41I 1,(,7 2,.'1
0.6 .AS o0. 0.18 1.,03 Z.t2
0.7 0.82 0.62 0,610 0,,42 1.63
0.6 0.2 0.711 0.710 0,3M 1.29
0.0 0.06 0.790 "0.817 0.137 L.00
t.0 t.00 O,&4 0.912 0.6a 0.70

0#0 toa.
14

a/

IJA'

1?*

Fig. 6.18. D imensionless channel
radius as a funrtion of time,
Solid curve - theoretical depen- a 41

dence; symbols - experimental data
for di:char',!es No. 5, 6, 8, 9
Table 3.5.

Fig. 6.19. D1rinolornless pressure
in the chanrml a.n a functJon of
t ime.

FPi. 6.20. Dirnzocl.ies pressure
on the cor:l,,,:n wave. I 4 ,
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Graphs of the functions [f(x)/y 2-z 2/2y2l and f(x)/y2 ln(Z/Ry),
eAracterizing the shape of the radiated compression pulse in the

direction perpendicular to the channel axis and the pressure in

the channel In relation to time are plotted In Figs. 6.19 and 6.20.

These functions must be multiplied by the corresponding dimensional

coefficients accordirng to formulas (5.42) and (5.45) in order to

obtain absolute values of the hydrodynamic quantities.

We note that the dimensionless functions depicted in Firs.

6.18, 6.19 and 6.20 are little sensitive to the choice of the

approximation for f(x) both in the case of the short cylinder

under consideration as In the case of a long cylinder which w'll

be examined in the next section.

Asa'

pas

* •
7#

Fig. 6.21. Theoretical (1) and experimental (2) compression
wave pressure profiles for discharge N1o. 7,Table 3.5 In the direc-
tion perpendicular to the channel axis.

Fig. 6.22. Theoretical (1) and experimental (2) compression wave
pressure profiles for discharre No. 10, Table 3.5 in the direction
perpendicular to the channel axis.

We shall now give some examples of the calculation of the

hydrodynamic characterlstlcs of discharges correspondinr to a

short cylinder riodel. For dischar,-e :io. 7 we have (see Table 3.5):

length of the discharge gap I s 6 rm, discharl-e duration r = 53"10-6 sec,

enerry releAsed E a 2260 J. Usinr the formulas in Section 3 of

h': ," V :'I '"'., . w. ht;-1.n I h:il tt,, ,-h'nnel r.idtud s nt the en~ t of'



the discharce R m 0.9 cm, the characteristic rate of expansion

U s 1.8.10 4 cm/sec, and the pressure in the channel reaches a

value of P s 1200 atm. The maximum pressure in the compression

wave in the perpendicular direction at a distance of 100 cm from

the channel amounts to P w 12 atm. A profile of the compression

wave at this point is shown in Fir. 6.21.

The electroacoustic efficiency of*a discharge may be calcu-

lated according to formulas (5.46) and (5.47) if we bear In mind

that the integrals in these formulas, calculated according to

the data in Table 6.2, respectively are Ji " 0.83; J2 * 6.6.

For discharge No. 7 we obtain: ntheor a 14%; nex - 12%. As a

second example we shall examine discharge No. 10. The great

power of d1scharge No. 10 in comparison with discharge No. 7 is

achieved with the use of a low inductance discharge circuit (IMM-

5-150 condenser and a supply circuit of seven parallel type RK-6

cables 120 cn lonF) and with the use of a channel up to 3 cm in

length, which shortened the duration of the discharge to

3-10-6 see with alrost the same amount of total energy released

in the channel--approximately equal to 2500 J as in the case of

discharge No. 7. The channel radius at the end of the discharge

R a 0.8 cm, the characteristic rate of its expansion U - 2.9.10k

cm/sec and the maximum pressure in the channel P - 3000 atm.

The peak pressure in the compression wave at a distance of

106 cm from the discharge in the direction perpendicular to the

channel axis p f 114 atm. A profile of the compression wave at

this point of observation is shown in Fig. 6.22.

It is obvious that the experimentally recorded shape of

the profile, as opposed to the theoretical shape, has a shock

front and a higher peak pressure. Several possible causes of

this difference may be mentioned.

In the first place, for discharre No. 10 the ratio 1/R is
ripprrx1:n c> .; w t r; loss than thc' value of this parar.ter
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taken In calculating Table 6.2 to be used for calculation. This

circumstance led to an underestimation of the calculated amount

of pressure In the compression wave of approximately 1.2.

In the second place, the forrM of the function f(x) used In

the calculation only roughly approximates the real law of energy
release.

Further, the higher value of the effective adiabatic index

In comparison with the mean value Y a 1.26 used In calculation

corresponds to the comparatively high pressures and temperatures

In discharre channel No. 10. As Is clear from the formula for

the pressure In a compression pulse, higher pressures correspond

to higher values of y. This is another reason why the calculated

compression pulse turns out to be smaller than the experimental

value.

The hydrodynamic charactel'istics of discharge No. 10, as of

all preceding ones, were calculated under the assumption of a

slow rate of channel expansion In comparison with the speed of

sound. An estimate of the rate of expansion as the ratio R0/T

gives for discharge No. 10 a value of 0.2c0 , where co is the

speed of sound. Judging by the experimental results for such

rates ef channel expansion it is already necessary to take account

of the compressibility of the liquid in calculating the channel

expansion and to consider nonlinear effects In describing the

propagation of compression pulses. In Section V we shall compare
the results of a calculation, performed taking account of nonlinear

effects, with experimental data obtained for discharge No. 10.

Discharge No. 10 has one more peculiarity. As an analysis

of the photograms showed, the rate of expansion of the sections

of the channel neýar the electrodes is higher than In the central

part of the channel. Time-lapse film'nr with the SFR-l revealed
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that the shape of the channel of discharges with a short channel

length resembles a dumbbell formed by the merging spherical

electrode sections. Fig. 3.15 shows one of the frames of a photo-

fraph of this type of channel corresponding to the final stage

of the discharge.

Section 4. Discharges Correspondinr to a Long Cylinder

Model.

High voltage discharges fed from storage devices of compara-

tively low capacitance usually correspond to long cylinder models.

The working voltages amount to.no less than several tens of kilovolts,

the condenser capacitarce is on the order of several microfarads,

the length of the electrode rap is no less than several centimeters,

and the inductance is several microhenries.

With such paraseters of the discharre circuit, as is shown

by experiment, the discharge proceeds in close to critical condi-
tions. The length of the compression pulse radiated in the direc-

tion perpendicular to the channel axis does not exceed the length
of the channel, and the radius of the channel at the end of the
discharge loes not exceed the length of the compression pulse,

that is, the inequality R< X 1 Z, characteristic of a long cylinder

model, is fulfilled.

Discharges of this type in poorly conducting water are initi-

ated by the hith voltafre breakdown of the electrode gap, and in

highly conducting water by wire bridges.

Discharres corresponding to a long cylinder model create a

spatially very nonuniform acoustic field: the shape of the emitted

conPression pulse, its duration' and amplitude, greatly depend on

the annle between the axis of the channel and the direction co the
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71e shall now turn to an examination of the results of the

numerical Integration of system (5.52). A solution of this system,

as In the case of a short cylinder, depends on the parameter

characterizing the geometry of the model, In the given case on

the value cT/% - a.

TABLE 6.3

• its) 9 A• to

* 0 0."1a 0.03 , 0
0.1 1040 0.416 0.09 1.(2 2.05
0.2 0.4 0.1 0.18 0'" 1.5
0.3 9.v: 0.221 0.24 0,96 1,77
0,4 0.31 0J.37 0,3 0..4 t,73
O,5 0OO 0.46 0o.1 0,95 t.71
0.6 0.48 0,56 0,54 #.OR- 1.35
0,7 .0.o• 0.61 0.67 0.78 1,37
0. 0,X 0.71 0.77 0.6O 1.14
0. 0,'" 0.77 0.57 0.51 0.33
i 1.0 1* 0.5U 0.15 0.41 0,74

op

Fir,. 6.23. Dimensionless channel radius as a function of time.

Fir. 6.24..Dimensionless channel pressure as a function of time.
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However, this dependence is not great, since this parameter also is found

under the logarithm sign. Changing it by two times causes practi-

cally no change in the solution of system (5.52). Integration of

the system (5.52) was performed for the Initial vlaues y0 - 0.03 and

z = 0.01. The value 2cT/R 0 is chosen as equal to 10 in agreement

Swith difficult experimental results.

Table 6.3 presents values of the dimTensionless functions

y(x), If(x)/y 2 -z 2 /2y 2 ],and f(x)/y 2 ln(2cTx/R 0 Y), characterizing

the time dependence of the channel radius, the pressure in the

compression pulse radiated by the channel In the transverse direc-

tion, and the pressure in the channel. These functions are repre-

sented graphically in Firs. 6.23, 6.24 and 6.25.

T • 6

• i f

IeI'

Vh

Fig. 6.25. Dimensionless profile of the pressure in the direction
perpendicular to the channel axis.

Fig. 6.26. Calculated (1, 3) and experimental (2, 4) compression
wave profiles for dischar;ee No. 16 in the directions perpendicular
(1, 3) and lonCitudinal (2, 4) to the channel axis.

Discharge No. 16 (see Table 3.5) Is a discharge corresponding

to a long cylinder model.
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In this case an energy of E - 160 J was released In a dis-

charge channel of the length = 4.5 cm after 5-10-6 sec. The

channel radius at the end of the discharge was R 0 0.16 cm, the

rate of expansion U = 3.3-10• cm/sec,and the maximum pressure In

the channel P f 2300 atm.

Fig. 6.26 shows the shape of a compression wave, calculated

I and measured experimentally 2, corresponding to the direction

perpendicular to the channel axis and to a distance equal to

100 cm from the channel. Calculated 3 and experimental 4 compres-

sion pulses for the longitudinal direction also are shown here.

As should be expected, the greatest discrepancy occurs between

the theoretical and experimental pulses corresponding to the

direction perpendicular to the axis (respectively 24.5 and 8.1 atm),

while the pulses for the longitudinal direction do not differ so

significantly (3.4 and 2.5 atm). The cause of the great difference

between the theoretical and experimental pulses for the transverse

direction, as was mentioned, is the crookedness of the channel and,

In additton, possibly, the Influence of the increased absorption

due to the quite high pulse amplitude.

We calculate the electroacoustic efficiency of discharge No. 16

accordine to formula (5.65). If as an approximating curve for the

transverse pulse we choose a Gauss curve with a constant decay,

equal to 0.7T, where T is the discharge duration, then n f 29%.

The exper!mental value of the electroacoustic efficiency is found

In the following way. Oscillography of the compression pulses

Is performed for different angles of observation relative to the

channel axis and the compression pulse energy per unit area for

each direction is determined. Then, considering the axial symmetry

of the compression pulse field, the energy which has passed throurh

the spherical belts encompassing the chosen directions is found.

The sum of these energies, relative to the energy released in the

channel, rives the experimental value of the electroacoustic effi-

cienry. TysIial1y, the experimentnl value of the efficiency amounts

to 15-7107,. An w,,t.; ,of-n Inrntrn thc zpherical model and the
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short cylinder model, the experimental values of the electro-

acoustic efficiency always were less than the theoretical values.

In the case of a lonG cylinder modal this difference Is much more

noticeable. Here again the effect of the crookedness of the

channel adds to inaccuracy of calculation. "Mis-phasing" the

elementary compression pulses lowers the amplitude of the compres-

sion pulses. In this case the area of the combined pulses is

retained, but their enerry is reduced significantly because of

the quadratic dependence on its pressure. Because of the reduc-

tion of the acoustic part of the work performed by the channel,

the kinetic enerry of the diverging flow of liquid increases.

Section 5. Spherical Model of a Discharre with High

Rates of Expansion of the Channel

The basic equations describing a spherical model of a dis-

charge with hiph rates of expansion of the channel, when It is

necessary to consider the influence of the compressibility of the

liquid, were presented In Section 5 of the preceding chapter

(formulas 5.68-5.74).

In this section we shall examine the results of numerical
Integration of these equations. In integrating, as before,it is.
assumed that the mode of energy release is described by function
(3.1), corresponding to a "triangular" approximation of the dimen-

sionless power f(x), in the right hand pazt of equation (5.68)

) 4(1-z) T ,<zj (6.3)

First. of all we note that the system of equations (5.68)-(5.71),

describinr the process of channel eypansion, contains one dimension-

le ri rr** :.'.4 r'--' 11. 74 'rob- rr. Tn addition to this, the equation

(5.7?)- ( . 7 ) ,h;,c,'zbi ,i: the corpre:;:;I 6n wave., contain another
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parameter--the reduced distance to the point of observation R0 /r.

These two parameters may be considered to be similitude critepia

in the sense that all discharges corresnonding to a spherical

model,taking account of compressibility characterized by Identi-

cal values of these two parameters, are described by identical

equations. This circumstance imparts a certain universality to

the calculation.

The results of calculation fcr three values of the M number

where R0 /r = 10-2 are shown in Table 6, and in the graphs in
Figs. 6.27-6.29.

Fir. 6.27 shows the dependences of the dinensionless channel

radius y - R/R0 on the dinensionless time x - t/T for 1 - 0.12 I
(curve 1) and M = 2 (curve 2). As is seen, the result of calcula-

tion changes little with a charnce in the 71 nunber, whrch indicates

that the influence of comrressibil±-y is small. This property of

the calculaticn also is nanifested in calculatinF the pressure in

the discharge channel; the dimensionless value of this quantity

as a function of the dimensionless time for M - 0.12 (1), M - 1 (2),

anJ M - 2 (3) is shown in fig. 6.28.

Fig. 6.29 shows the results of a calculation of the function

g(x) which plays an important role in calculating the compression

wave emitted by a discharge. Actually, the pressure in a

compression wave is described by, formula (5.79), p-p-.-g(z)

so that it is obvious that the function g(7) characterizes the

profile of the wave radiated by a discharge.

It is significant to note that, although the form of the func-

tion r(x), as is seen from Fir. 6.29, chanres comparatively slirhtly

with an increrise In the M number, which points to the insignificant

influence'of the com.rer;sibility of water on tht process of the

expansion of a channel even in the case of supersonic rates of its
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expansion, the compression wave profile, observed at a fixed

distance from the discharge, changes markedly with an Increase

in the rate of expansion of the channel.

This is due to the difference In the process of the propa-

gation of waves of low amplitude emitted by discharges of low

intensity, and of waves of finite amplitude emitted in the

case of near or supersonic modes of channel expansion.

Pormally this difference is due to the fact that In the

case of small M numbers the time t at the point of observation

differs, according to formula (5.75), from x only by the constant

value , Identical for all points of the profile and consider-

Ing the time of wave proparation. ".n this case the wave propagates

without changing the profile. A graph of the function g(t) where

M a 0.12 and r/R 0 0 10-2 is shown in Fig,. 6.30.

With an increase !n M the connection between t and x becomes

different [see formulas 5.72 and 5.76), for different values of

t the proparation time becomes different, whereby, as is easily

seen from formula (5.86), a shorter propas:atlon corresponds to a

larrer g.

Am s rsutilt ths, wnv^ prrnfIle is hihly distorted. This case
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M = 0.4 and r/R0 * 102 is shown.

As already was'mentioned, "entanglement" of the profile

signifies the formation of a shock front, the position of which

may be determined approximately according to the rule of "equality

of areas" [31*(Fig. 6.31).

Now we shall use the theoretical information discussed for

describing individual experimental results.

C

4# '

4-1

41 4' -. r

4# 41 l 41 40 41S4 V 41 PI 41S(

Fig. 6.27. Dimensionless channel radius
41- as a function of time.

Fig. 6.28. Dimensionless pressure in a
discharge channel as a function of tire.

a Fig. 6.29. Dimensionless kinetic enthalpy

4t 4t9 41 Von the surface of an expanding sphere as
a function of time where K a 0.12 (1),
S= 1 (2), and M * 2 (3).

Let us examine the propagation of the compression wave emitted

by disphar)r No. 10 (•', Table 3.5).

-200-



- L

&II

Fir. 6.30. Dimensionless kinetic 4*

enthalpy at the point of observa-
tion as a function of tine where iN a 0.12. &

Fig. 6.31. Dimensionles kinetic • '

enthalpy at the point of observa-
tion as a function of time where
M-W 0.4. L,

Fig. 6.32. Calculated (2) and
experirenttl (1) profiles of the
pressure in the compre~sion wave
from discharge Nio. 10, Table 3.5.

Let us examine the propagation of the compression wave

emitted by discharge No. 10 (3ee Table 3.5).

The signal from this discharge, in thg direction perpendicular

to the channel axis, recorded with a hydrophone is shown in Fie. 6.32,

curve 1, and clearly indicates that there is a shock wave at the

leading edge of the signal.

The characteristIc channel radius -)f discharge No. 10,R 0 - 0.837,

is small in comparison with its length, therefore direct application
of the spherical model considered in this section is inconvenient
for calculatini,' the compression wave emitted by discnnrre No. 10.
It Is possible, however, to exanine a dicharrx' equlvalent. to

dischar,-.e No. 10 In the sense that it, pos;essinr spherical symtetry,
in all directions radiate? a compression wave of the sane amplitude

•r:,l ,!'"' !, ,: ," '.'I '".' ]o If) "auIT *t. . i j • dirctlori j,,:rp,'r•,!t-
c ll 1.,r 1'.r th.. ch (till, I ,. . t.hit, .,,, to d . ,: !r: ths charicto'rl' ti ri-
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dius of this diacharCe ofo he0  codto 0O 0

hence O 1.18 cm. Assuming according to Table 3.59 T a 30.1026 sec,

we obtain M - - 0.26.
CT

The result of integrating equations (5.68)-(5.74),where
N - 0.26 and r/R 0 a 102,is shown In Pig. 6.32, curve 2.

As is seen,the theoretical profile of the.compression wave
also.'reeaj* atendency'tward Increasing the steepness of the
leading edge. In conclusion we note that experimental investi-
gations of electrical discharges in liquid have been conducted
recently by a number of authors (see, for example# [5-7)). The
data on the hydrodynamic characteristics of discharges obtained
in these studies also agree with the results of calculation con-
ducted In accordance with the approximation theory presented above.

Section 6. Comparison of Electrical Discharges In
Water. with Underwater Explosions

The results presented above show that the hydrodynamic pheno-
mena accompanying electrical discharges to a significant degree
are similar to the corresponding phenomena which occur in the
case of explosions of solid explosives in a liquld medium. It
Is of interest to compare the quantitative characteristics of
these two processes.

We shall begin with the energy values. TriniLrotoluene,
the energy capacity of which Is around 4200 J/g, usually is used
as the explosive. The constant nature of energy capacity makes
It possible to characterize the energy of the explosive In weight
units. The rnnre of variation of the charive welihts used in
practice is very wlde. The charge weliht3 used, for example, in
OcerM I C, ' '"8,I inI :. ; In vnj,! nV~ir,c etc. , are

nCfl;ul'?(] ii v;tidlv.;e () I ,,O()I t.n.fl of 01 "atL,3 to tein:; of kiloiran'.
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In energy values this range extends from several tens of kilo-
Joules to several tens of merajoules. In view of the small

energy capaciti, of condensers, amounting to around 0.1 J/cr3,

It is difficult to create discharges of great energy. The maxi-

mum .of electrical discharges in a liquid, according to the data

in the literature, does not exceed several tens of kilojoules,

and requires a condenser volume of no. less than several cubic
meters for its accumulation.

We shall now compare an electrical discharge with the ex-

plosion of an explosive of Identical energy. The rate of enersy

release in the case of explosions of solid explosives is determined

by the rate of detonation, which is around 7-105 cm/sec. Consider-
Ing that the density of the explosive is equal to approximately

1.5 g/cm3, It Is easy to find that the typical linear dimensions
of charges are within the range from several centimeters to several

tens of centimeters and, consequently, the energy release times

are within the limits of from several microseconds to several tens
of microseconds. Electrical discharges In water usually take

"place during times of tens to hundreds of microseconds. Thus,

a significantly slower rate of energy release than occurs in the

case of the explosions of solid explosives is characteristic of

electrical discharges. This, of course, does not mean that in
the case of electrical discharres it is fundamentally impossible

to obtain a high rate cf release of large amounts of energy.

However, achieving rates of energy release corresponding to
explosions of explosives in this case is connected with specific

technical difficulties.

Because of the high rate of energy release the compression
pulse ;mltted in the process of the explosion of an explosive has

an enerry reaching 601 of the energy of the charge. The pressure

in it amount.. to several ttni of thousnnds of atmoopheres and

therefore the pulse has a shcck front. The intense energy dissipa-
tion leAds to a rapid drop in pressure in the compression pulse.

In wH ! :, '.' ,, th- Incr.,.ned rai.- no prnpniatlon of the sho(';:
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wavethe duration of the compression pulse increases At dis-

tances reduced to a unit weight, on the order of 100 cm/g and

more,the compression pulse created by an explosion is described,

according to the data of R. Koul [(1, by the formulas

p--J~ep(--iO)

p. - 72')(t|'/)l'2i at- ; 0, 5,8S t- i|' (r/I'')e'Iseel.

where W is the weight of the charge (in g); r is the distance

(in cm).

AccordinC to these data it is easy to find that the ratio

cf the energy of the compression pulse to the energy of the
charge at reduced distances, on the order of 100 cm/g, proves to
be equal to 20%, which is close to the electroacoustic efficiency
of electrical discharges in water.

The pulsation energy of the gas bubble formed by the explosion

of an explosive is approximately equal to 400 of the energy of

the charge, while in the case of electrical discharges it amounts

to 25-30% of the energy f the discharge. The difference is

explained by the fact that discharges are accompanied by signifi-

cantly greater energy losses, since the matter in the discharge

channel has a temperature on the order of several tens of thousands

of degrees, while in the case of explosions it amounts to only

several thousands of degrees.
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